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Section 1

INTRODUCTION
-'. a

The purpose of the research described herein was to develop NDE techniques

for quantitative characterization of flaws found in multilayered structures

and coated aerospace components. The main thrust of the effort was on

* utilization of the interactive characteristics of ultrasound with the various

materials of interest, including primarily the study and use of surface-wave

and backscattering phenomena for the detection and characterization of flaws.

Engine components used in high-temperature, corrosive environments generally

have protective coatings. A number of other aerospace structures are plated

or coated to protect against corrosion. A frequent problem with such struc-

tures is the development of surface fatigue cracks. Due to the proximity of

the cracks to the surface, detection by bulk-wave ultrasonic techniques is

difficult. In addition, protective coatings perturb the ultrasonic surface

waves, making data interpretation unwieldy. This effort involved analyses of

the interaction of Rayleigh surface waves with coated substrates, the coating

being described as either a loading layer or a stiffening layer. Experimen-

tal data have confirmed the accuracy of the theoretical models. The develop-

- ment of these models is described briefly in Section 2. Appendix A contains

publications describing the models in detail and the results of these efforts.

The study of surface waves prompted interest in a specific case--that of

ultrasonic wave interaction with a crack oriented parallel to the wave-

propagation direction. In this case, one would ordinarily expect diffi-

culties in detection of the crack. However, surface-wave reflections were

observed. Section 3 contains a brief description, with the details being

contained in the publication in Appendix B.

An interesting class of multilayer structures--composites--is becoming

increasingly important in aerospace systems. Such structures consist of

multiple layers of varying orientation, each layer containing many rows of

parallel fibers bound together with a matrix. In one study leaky, plate-wave

U modes in fiber-reinforced plastic composites were observed. The amplitude

'I% d
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distribution of the reflected field was recorded as a function of position.

Also, the frequency dependence of the plate-mode phase velocities was studied.

Both unidirectional and cross-ply composites were investigated.

An analytical model describing the reflection of ultrasonic waves incident

parallel to the fiber direction of a unidirectional composite was also

developed. Experimental data were collected, showing the model to provide a

good fit to the data in certain frequency ranges. This model is discussed in

Section 4 along with the leaky-plate-wave observations. Appendix C contains

publications giving more detailed accounts.

Studies conducted on commonly used graphite/epoxy composites showed that

fiber-matrix interface and interlaminar interface damage generally precedes

either fiber breakage or complete failure. An additional form of failure is

transverse cracking due to in-plane tensile stress normal to the fiber direc-

tion. Conventional ultrasonic detection of these types of flaws is difficult

due to the inhomogeneous, anisotropic, layered nature of composites. The

backscattering technique described in Section 5 and in the publications of

Appendix D, utilizes the complex nature of composites to an advantage. In

this work, which is empirical in nature, success has been achieved in the

detection and mapping of transverse cracks, porosity, and fiber orientation.

A backscattering technique was also found to be useful in detecting corrosion

in multilayered material. The advantages and limitations of this technique

are discussed in Section 6.

To aid in the research effort, two NDE systems were designed and constructed.

A high precision, C-scan system was developed for use in testing the various

ultrasonic techniques as well as in providing quantitative inspection of test

samples. This system is described in Section 7, and Appendix E contains

details of the unique electronic interfaces. Additionally, as an aid in

visualizing the complex interaction of ultrasonic waves with the surfaces of

test samples, a pulsed-Schlieren system was developed; details are contained

in Section 8.

.9.



Several other areas of NDE were also studied during this research effort.

Current lv, many complex en),.ne components are manufactured by powder-

metalLurgv tchnliques to produce a ntear-net-shape product. Frequently,

non-dest rutt lwe techniques employing ultrasonics cannot be utilized success-

fully for Inspecting these complex-shaped parts because of the difficulty

Involved in coupling the acoustical energy to all regions of interest. In an

effort to solve this problem, a study was conducted using mating parts--parts

that have a surface which is a complement of the test part--to allow complete

insonification of all areas of the component being inspected. This work

demonstrates that the mating part effected a large transmission of ultrasound

into the test piece for incident angles up to 800. Section 9 contains a

description of this work; the resulting publication can be found in Appendix

F.

Another area of research was the study of the interaction of ultrasound with

corruigated surfaces. The main emphasis was placed on observing the amplitude

and displacement of reflected energy at the various angles where surface

waves are predicted to be excited. The study showed that for some samples,

the surface wave velocity appeared to be unperturbed by the corrugated

surface. A description of this work and the results are found in Section 10

and Appendix G.

A third area of additional research was the development of a high-impedance,
broadband, ultrasonic, transducer backing. Efforts were made to find mate-

rials which would be superior to the tungsten and epoxy combination currently

in widespread use for backings. The research showed that a different matrix

was needed; a low melting point alloy was selected to be used in place of

epoxy. A combination of tungsten, copper, and an indium-lead alloy was used

to produce a backing which met the required specifications. When this

backing was adhered to a piezoelectric blank, the ultrasonic output from the

blank was very broadband, exceeding the bandwidth of available commercial

transducers having similar center frequency. Section 11 and Appendix H

contain descriptions of this effort and the resulting publication, respec-

tively.

*4, 3
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Section 2

SURFACE WAVE INTERACTIONS WITH LAYERED HALF-SPACES

The necessity for detecting surface or near-surface cracks or defects in

aerospace structures has provided the impetus for the development of viable

surface-acoustic-wave NDE techniques. Many of these structures have platings

aj2 or coatings applied to protect against corrosion. Inspection of such struc-

tures with surface acoustic waves requires an understanding of the phenomenon

of leaky Rayleigh waves on layered substrates. Appendix A contains four

papers which describe studies conducted under this contract on this subject.

In addition to dispersion of the surface wave velocity and the displacement

parameter A s, the amplitude distribution of the leaking wave is modeled in
*these publications.

Three approaches to the study of the reflection of finite beams from layered

halfspaces in fluids are presented. The first model is approximate and

assumes that the layer is thin compared to the wavelength in the fluid,

implying that the particle displacement across the layer is constant. From

this assumption and an averaging procedure, the effect of the layer is found

to be contained in a modification of the stress boundary conditions for an

iunlavered halfspace in the form of a nonzero homogeneous term. These

modified boundary-value conditions then produce the reflection coefficient

from which a characteristic equation is extracted. The complex roots of the

characteristic equation correspond to poles in the reflection coefficient in

the complex wave-number space. From these roots, the wave velocity and the

displacement parameter A, also known as the Schoch displacement, can be

calculated. Difficulties in solving for the roots of the characteristicI. equation are overcome by assuming that the wave velocity is unperturbed by

the presence of the fluid. This simplified equation yields the velocity. A

-. separate analysis is performed to solve for A which involves the assumption
s

that the magnitude of the reflection coefficient is approximately one.

. Finally, through the use of the formalism derived by Bertoni and Tamir, an

0. analytical expression for the amplitude distribution is derived. In this

formalism, the reflection coefficient is approximated by a Laurent expansion

%" about the surface wave pole. Reasonably good agreement exists between
%

7, 4
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expt'I iiiu'nL and theory I or ratios ot Layer thickness to incident wavelength of

le-Ss than 0.3. 2 Fo higher ratios, the agreement deteriorates.

The second model, the extended approximate model, does not make the prelimi-

nary assumption that the layer is thin but uses exact expressions for the

wave potential in each of the three media. The exact reflection coefficient

is then derived. This coefficient is expected to be accurate for all layer

thicknesses, provided acoustic attenuation can be neglected. Again, the

velocity and A can be calculated from the location of the poles in the

complex wave-number space. In this model the poles are located by numerical

methods. Again, the wave velocity and the A sare applied to the analysis

given by Bertoni and Tamir, where the reflection coefficient is approximated

by a Laurent expansion about the pole. From this formalism an analytical

* expression is derived to approximate the amplitude distribution of the

reflected field.

aAs shown in Ref s. 3 and 4, the behavior of A spredicted by the extended

approximate model is unexpected according to the first model. Also, shown is

a comparison of experimental data and theoretical calculations of the surface

wave velocity and the amplitude distribution for the case of a loading layer.

Limited data are also presented on the stiffening layer case. Very good

agreement is shown in most aspects considered.

The third model 8is essentially the same as the second, with the exception

that the analysis of Bertoni and Tamir is carried out numerically, i.e., the

reflection coefficient is not approximated by a Laurent expansion. It is,

therefore, termed an exact treatment. Consequently, this model gives results

for the wave velocity and A which are identical to the extended approximate

4-4-.'model.

In the loading-layer case, good agreement is found between the amplitude
distributions calculated from these models. However, for the stiffening

case, such agreement is not always observed. As explained, 5for the

stiffening-layer case when the surface wave speed is nearly equal to the

transverse velocity in the substrate, the wave can no longer be generated

(wave cutoff).

5
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In this paper it is demonstrated that near this cutoff, because of a rapid

change in the reflection coefficient which is unaccounted for in a Laurent

expansion, the extended approximate model differs significantly from the

exact treatment. The exact treatment is also shown to agree quite well with

an experimentally determined amplitude distribution.

As a result of the study of leaky Rayleigh waves on layered halfspaces, it is

4- clear that the phenomenon can be accurately modeled. Various aspects of this

phenomenon can be exploited to enhance NDE techniques using surface acoustic

waves as applied to coated structures. Again, the details of this study are

S-"found in Appendix A.
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Section 3

TRANSVERSE STRESS IN RAYLEIGH SURFACE WAVES

Surf ace-connected cracks frequently encountered in inspected parts can be

detected, in many instances, using ultrasonic surface waves. In general, it

has been thought that reflections from these cracks can be observed only if

the plane of the crack is perpendicular to the direction of propagation of

the surface wave. In this research it was shown, both theoretically and

experimentally, that surf ace-connected cracks parallel to the propagation

direction of the interrogating surface wave can also be detected.

A It can be shown theoretically that Rayleigh surface waves contain non-zero

tractions on the free surface perpendicular to the direction of propagation.

(See Appendix B). Any disturbance of these stresses causes scattering of the

surface wave. A crack normal to the surface and parallel to the interroga-

ting surface wave disturbs these stresses sufficiently to cause scattering;

it was anticipated that this backscattering would be sufficiently strong to

be detected. These theoretical results also hold for surf ace-connected

cracks in bolt holes being interrogated by cylindrical Rayleigh waves.

To confirm the theoretical predictions, a surf ace-connected crack was pro-

duced in several glass plates with the crack plane being perpendicular to the

surface and extending straight into the glass from one edge. A surface-wave

transducer was placed on the glass and oriented in such a way that the

surface wave would propagate parallel to the crack. In practice, the crack

had closed so tightly that no reflection could be detected. However, once

the crack was slightly opened (with a knife blade), a reflection from it

occurring at the expected time delay (see Fig. 2 in Appendix B), could be

easily detected.

An additional test was performed to eliminate the possibility of reflection

from the high stress fields around the tip of the crack. The tip was covered
* ~U with a small piece of electrical tape to dampen the surface waves. The crack

S was opened and, with the use of polarized light, the stress field could be

Aeasily seen to extend at least 1 cm beyond the tape. However, under these
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conditions no reflection of the surface waves was observed. Upon the removal

of the tape, the signal from the crack could again be detected. Appendix B

contatns the p~ihI1cat ion resulting from this effort. Both theoretical and
'4 'xper [mental. details are given.
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plate modes were found to be dependent upon the ultrasonic frequency and

plate thickness. Appendix C contains information on the reflected field
profiles for unidirectional and cross-ply composites. A dispersion curve for

* the cross-ply plate is also. given.

Theoretical studies of acoustic reflection from composites were also con-

ducted. Due to the inhomogeneous, anisotropic layered nature of composites,

analytical models describing ultrasonic wave propagation in and reflection

from these materials are very complicated. In an effort to gradually

approach the complicated analysis involved in this problem, work was begun on
V. a building-block approach to model development, with each analytical block

increasing in complexity.

In the first analysis, completed in this contract period, a unidirectional

composite was treated as a homogeneous, anisotropic dispersive medium by

averaging the properties of the fiber and matrix. The material was assumed

to be oriented such that its principle direction was parallel to the wave

*propagation. Details are contained in Appendix C. This analysis provided

the reflection coefficient for the composite when insonified in a direction

along the fibers. Experiments were performed to verify this model by measu-

* ring the longitudinal velocity in graphite/epoxy and boron/epoxy composites.

The experimental reflection coefficient was calculated from the velocities

and densities of the water and composite. As seen in Appendix C, in the

.1 frequency range where the wavelength in water was greater than approximately

twice the diameter of the fibers (the range over which model assumptions were

valid), the agreement between the model and experiment was quite satisfactory.

9



Section 5

ULTRASONIC BACKSCATTERING FOR NDE OF COMPOSITES

In recent years new materials such as composites have found increasing use in

primary aerospace structures. In general these materials are anisotropic,

inhomogeneous, and layered in nature. An obstacle to the widespread accep-

tance of these materials has been the inability to test them adequately and

nondestructively. The use of ultrasonics on composites such as graphite/

epoxy has met with little success due to the profuse scattering and reflec-

tion from the different layers and bundles of fibers which obscure scat-

tering from the flaws.

When an ultrasonic beam is incident on a composite material, a large portion

of its energy is specularly reflected. If a flaw is present, a small amount

of the beam will be scattered in all directions and a detection transducer

will intercept only a small solid angle of this scattered signal. To a large

extent, this low-level signal is masked by the specular reflections from the

various interfaces of the material. However, the specular signal is at a

minimum--and flaw signal-to-noise at a maximum--if the detector is positioned

coincident with the transmitter (backscattering mode). In this work the

viability of utilizing backscattering as an NDE method for composites was

examined.

Several different types of flaws and failure mechanisms are found in com-

posites. Generally, fiber-matrix and interlaminar interface damage precede

either fiber breakage or total failure. Transverse cracking in the matrix

often originates from small stress sites such as inclusions or porosity. It

was expected that the backscattering technique could be used successfully to

detect all of these types of flaws. In this research, the detection of

transverse cracks, porosity, and fiber misalignment was emphasized. For this

study several different types of composites were examined, including
graphite/epoxy, glass/epoxy, boron/epoxy, and silicon carbide/titanium.

'Initial results showed a substantial increase in the amplitude of the back-

scattered signal when the composites were insonified perpendicular to a fiber

10
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axis, which suggested that the orientation of the plies could also be

observed. Tests using a commercial C-scan system confirmed this fact,

% providing a map ot the various plies and their orientations. Further tests

were conducted to determine whether flaws, such as transverse cracks, within

a single layer were observable. The results showed that for a single par-

ticular ply small transverse cracks could be detected and mapped. Further

work also indicated that fiber misalignment and porosity were observable in a

backscattering configuration. The details of the technique are contained in

the publications in Appendix D. Experimental results are discussed along

with some advantages and limitations.
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Section 6

ACOUSTIC BACKSCATTERING AS A NONDESTRUCTIVE EVALUATION

METHOD FOR CORROSION DAMAGE

Corrosion is a deterioration of metallic structures which may severely

shorten the lifetime of the structure. In most cases it occurs due to a

failure in an inhibition mechanism, e.g., chipping of paint or anodization

from a portion of the surface. Corrosion can appear in many forms, depending

upon the alloy on which it is generated and the environment to which the

material is exposed. Common types of corrosion include I) uniform surface

corrosion--an even decrease in metal thickness over an entire surface, 2)

pitting corrosion--localized corrosion to which metals with thin coatings are

particularly susceptible, 3) galvanic corrosion--generated at the interface

of two dissimilar metals which are in contact, 4) crevice corrosion--trapped

moisture in crevices, 5) intergranular corrosion--selective attack along

grain boundaries, and 6) stress corrosion--an accelerated corrosion under

stress conditions.

Corrosion degrades the performance of structures through generation of

stress-concentration sites. When directly accessible, corrosion can be

visually detected due to the change in color and the generation of surface

damage. Visual aides such as lenses and boroscopic devices are commonly used

for periodic quality-assurance inspection of metallic structures. In some

cases, radiographic inspection--primarily x-ray and gamma radiography--is

used. Eddy-current techniques are also sensitive to corrosion, but their

applicability is limited primarily by the need for direct access to the

damaged surface. Presently, attempts are made to test inaccessible areas,

such as the interface of multilayered structures, using conventional ultra-

sonic methods. These methods consist of pulse-echo or through-transmission

modes and involve measuring the relative increase in attenuation caused by

the presence of corrosion which serves as a scattering source. These methods

are unreliable due to their vulnerability to artifacts such as the presence

of sealant at the back plate of the test structure.

12
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Since corrosion has a random-roughness topography, resulting ultrasonic

scattering is not unidirectional. As described in the previous section, the

nature of the backscattering techniques eliminates the interference of

V.. specular reflections from various interfaces which might mask the corrosion

* - signal. The backscattering technique, therefore, has a detection capability

higher than the other commonly used ultrasonic NDE techniques.

Many theoretical analyses of surface roughness are dedicated primarily to

periodic roughness. In the present form of these models, the results cannot

be inverted to determine the corrosion structure which is random in nature.

Due to this limitation of the currently available analytical tools, the

investigation described herein dealt with the NDE of corrosion from an

' empirical point of view, in an attempt to determine the feasibility of using

* acoustic backscattering as a means of detection and evaluation of corrosion

damage. The experimental setup consisted of a commercial pulser/receiver

(Automation Industries) and a C-scan system using commercial transducers.

Figure 1 is a schematic diagram of a multilayered structure with corrosion

damage.

In an attempt to determine an optimal incident angle for the backscattering

test, reflection and transmission coefficients were calculated theoretically

as a function of incident angle for a longitudinal wave incident on an

4.t aluminum/water interface. The results are shown in Fig. 2, where it can be

% g4 seen that at 16 deg., a maximum transmission coefficient of the shear wave is

obtained. This angle was verified experimentally using a corroded sample and

C-scanning at two angles, 16 and 20 deg., for purposes of comparison. The

sample was exposed to a salt-fog environment for 720 hr. The test results

are shown in Fig. 3.

• In order to evaluate the effect of the presence of porosity in the adhesive

4-... layer of a tested structure, a sample was prepared from 1-mm-thick glass

plates, glued together using Devcon 2-ton epoxy adhesive. The sample was

. . prepared in such a way as to insure porosity in the epoxy. The air bubbles

were v 0.5 mm in diam. and were spread randomly throughout the adhesive

layer. The C-scan of this sample is shown in Fig. 4. The test results were

verified by comparing them to the porosity content of the adhesive observed

1 13
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through the glass. As can be seen, porosity in the adhesive layer caused

significant backscattering. When comparing this C-scan to those of corroded

samples shown latur, it is clear that backscattering from porosity is similar

to that from corrosion. This ambiguity can cause difficulties in evaluating

the source of the indication on the C-scan.

In order to determine the sensitivity and resolution of the technique empiri-

cally, a sample was made of 7075T6 aluminum plate, 3 mm in thickness with

150-wm-diam. tungsten particles imbedded on one side. The particles were

pressed into the plate in clusters as well as individually. This sample was'-o

C-scanned in a backscatter mode; the results are shown in Fig. 5. The

individual particles can be detected easily; however, their apparent size is

larger than their actual size due to the directivity of the transducer. The

*- resolution of this C-scan can be improved using a new system now available in

the Materials Laboratory which employs improved measurement and signal-

processing techniques (described in Section 7).

Several other experiments were performed to test the sensitivity and resolu-

tion of the backscattering technique. An aluminum plate was prepared with a

series of small scratches. For an additional test, a portion of the scratched

area of the sample was coated with a thick layer of paint. A photograph of

the C-scan of this test specimen is shown in Fig. 6. The scanning direction

* owas normal to the length of the scratches; the incident angle of the 25-MHz

(nominal) ultrasonic beam was optimum at 16 deg. The horizontal bands of

shading represent regions where the scratches were of the same size. The

scratch widths were, from top to bottom, 15, 25, 30, and 50 pm. The vertical

band near the left of the photograph represents the unpainted region. The

results revealed that the regions of 50- and 30-im scratches can be detected

% easily in both painted and unpainted areas.

Further tests of resolution and sensitivity were conducted using sandwich

structures made up of layers of epoxy between aluminum plates. In these

experiments spherical and diamond-shaped (Knoop) indentations were made on an

inside surface and on the bottom surface of the samples. These samples were

scanned at 5 MHz; angles of incidence of the ultrasonic wave were 16 and 20

#6 deg. It was found in studying these C-scans that the resolution of the

18
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C-scan printer was the major limitation to overall system resolution. It was

also found, on an inner surface, that even the smallest spherical indents,

0.3 mm in diam., could be detected. Spherical indents 1.0 mm in diam. could

be detected on the bottom surface. The Knoop indents (major axis 0.38 mm,

minor-axis 0.06 mm) could not be detected unless located in concentrated

groups of 15 to 20. In addition, the results were slightly better for

2.3-mm-thick aluminum samples as compared to 1.6-mm-thick samples, presumably

because of the increased time resolution between interfaces in the plates.

Following the study of sensitivity and resolution using imbedded particles,

scratches, and indentations, several single-plate corroded aluminum samples

were inspected in the backscatter C-scan mode. The rear surface of these

samples was corroded. The C-scans of three of these samples are shown in

* Fig. 7. These results and those from visual inspection showed very good

agreement. It is interesting to note that the preferred direction of the

intergranular corrosion with the grains of the rolled plates can be seen

clearly in Fig. 7.

Sandwiches of aluminum/epoxy/aluminum samples were also inspected. The

aluminum was 1.5 mm thick and the epoxy layer ' 50 pm thick. Through-

transmission scans were made using a 22-MHz (nominal) transducer, and these

were compared with backscattering scans using a 5-MHz transducer. Figure 8

is the through-transmission C-scan of the sandwich in which an inner surface

was heavily corroded. Figure 9 is the backscatter C-scan of the same sample.

Comparison of these two photographs will show that while the through-

transmission C-scan revealed no sign of corrosion, the backscatter technique

easily detected it. A similar result was obtained in the case of a sandwich

having the corrosion on the backside. In each case a direct correlation was

.0%" found between the C-scans and the visually observed corrosion damage.

An additional experiment was conducted on samples of an aluminum plate

riveted to a graphite-epoxy composite, with a sealant being used at the

aluminum/composite interface. Sample scans of the aluminum/sealant/graphite-

epoxy sandwich are shown in Figs. 10 and 11. Figure 10 is a through-

transmission scan and shows irregularities in the sealant in certain areas.

The backscatter scans in Fig. 11 also detected these areas of irregularity;

. . . ..
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Figure 10. Through-Transmission C-Scan of Al/Sealant/Graphite-
Epoxy Sample. Irregularities in Sealant are detected.
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Figure IL. Backscatter C-Scan of Same Sample as in Fig. 10. Dark
areas could be an indication of corrosion; however,
visual inspection showed sealant to be very porous in
these areas. Four dark circular areas are reflections
from rivets holding layers together.
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oLher areas were I rev ol ind c:ationsl. Whe the samples were taken apart and

examled visulkIlY, the salant was found to be somewhat porous in the areas

of Irr,gularity observed in the scans; however, no corrosion was present.

These same results were found in other aluminum/composite samples tested.

Thus, for these samples the results from the backscattering method was

determined to be inconclusive, and it was also shown that backscattering

alone may produce results which cannot be easily attributed to porosity or

actual corrosion.

A final investigation was conducted in an attempt to understand the effect of

front-surface periodic roughness on the resolution of the backscattering

technique when used to image corrosion on the back surface. C-scans of such

a sample are given in Fig. 12 where the front- and back-surface signals were

* separated to produce scans of both surfaces. Also shown for comparison is a

scan of the sample insonified from the corroded side. Recognizing that Fig.

12(b) and Fig. 12(c) are mirror images of each other, the details of the

damage are clear despite some loss of resolution.

In conclusion, backscattering has been found to be a successful method of

detecting corrosion--corrosion that was undetectable using through-

transmission--even through bonded layers. With this method, small areas of

corrosion in its initial stages can also be detected. Furthermore, when this

% technique is combined with through-transmission measurements, it is possible

to distinguish between porosity and corrosion. Finally, although resolution

is degraded, it is possible to detect corrosion through periodic rough

• surfaces.
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Section 7

C-SCAN SYSTEM

The ultrasonic C-scan system developed during the course of this contract was

designed to maintain previous data-acquisition capabilities while enhancing

the data-process.ng aspects. A- and B-type scans can also be performed with

this system.

Mechanically, the basic system consists of a two-axis horizontal carriage

assembly mounted above a specially designed water tank. The base of the tank

is a ground-granite slab, isolated from the floor-supports by air pads.

Motion of the two independent axes is accomplished by screw-rods turned by

stepper motors. Position information is generated by linear optical

encoders. A three-axes--one vertical, two angular--manipulator, for trans-

ducer mounting, is also included. This vertical axis is computer-

controllable via a stepper motor. Over the entire X-Y range of the carriage

assembly, parallelism with the tank base is maintained within + 40 im.

A Digital Equipment Corp. LSI-ll minicomputer is the central element of the

control system. Referring to Fig. 13, the LSI-11 is used to communicate with
all of the test instruments on the IEEE-488 interface bus. A video monitor

displays the image as it is formed, and an ink-jet printer is utilized for

generating a hardcopy. A dual 8-in. floppy disk drive holds the programs

used by the computer plus the data representing an image.

Control of the transducer X-Y position (horizontal carriage assembly) is

maintained by a Superior Electric Co. Modulynx motion control unit. The

Modulynx system allows the computer to control the movement of the trans-

ducers with stepper motors. A microstep translator is used to divide each

normal step into 10 discrete steps, thus minimizing low-speed resonances and

smoothing out the movement. The maximum rate of translation is ^. 1 in./sec.

Speed is limited by the maximum rate of programable steps/sec. and the gear

ratio of the mechanical system. The capability to program the number of

* steps and the rate allows the motion-control system to operate in an open-

loop fashion, i.e., positional feedback is not required.

26
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Positional information on the horizontal carriage is generated by optical

scale spars mounted on the mechanical system. As stated previously this

information is not used in controlling the motion of the transducer but to

provide data to a position encoder--an interface which couples a Mitutoyo

display unit to the LSI-11 (via the IEEE-488 bus). The primary purpose of

the interface is to provide trigger pulses to an analog-to-digital (A/D)

converter. The total number of pulses to be generated and the distance

between them (in terms of physical movement of the mechanics) are pro-

gramable.

A 12-bit A/D module with an interface to the IEEE-488 bus has been con-

structed. Included with the interface is a memory buffer which is used to

temporarily store acquired data during a single line-scan of the mechanics.

After a line-scan has been completed, the data can be transferred to the

LSI-lI for processing.

After processing of the raw data, the information from each line scan is

transferred to a video-imaging board contained in the LSI-11 mainframe. The

imaging board can store (and display) an image composed of 512 x 512 data

points (X-Y) by 4 bits of amplitude information. The 4 bits of amplitude

represents 16 levels of grey or 16-colors, depending upon the type of monitor

used. If a permanent record is desired, an ink-jet printer can be used or

the data can be stored on floppy disk for later processing or archival

storage.

The position-encoder interface and the 12-bit A/D converter were custom

designed and constructed by SRL. A more detailed explanation of their opera-

tion can be found in Appendix E. The remaining units shown in Fig. 13 were

purchased "off-the-shelf;" detailed descriptions and operating instructions

can be found in the appropriate manufacturer-supplied manuals.

28
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N.r. PULSED SCIILIEREN SYSTEM

The interaction of sound waves with a test sample is, in general, a fairly

complicated process. Various propagation modes may be excited; rough sur-

V faces may cause diffraction; and non-specular reflections may occur. To

,p.- further complicate the matter, commercial transducers used in transmitting

, sound waves do not always emit energy perpendicular to their face and often

have sidelobes. In view of the need to visualize ultrasonic waves, a

Schlieren system was designed and built.

A schematic of the optics is shown in Fig. 14. Light from a source is passed

* through a slit and lens to form a parallel beam. This beam then passes

through the windows of a water tank and is focused onto a knife edge which

prevents the light from reaching the detector camera. If the beam is per-

turbed in its path, the beam position at the knife-edge will vary; an upward

deflection in Fig. 14 will result in light striking the camera. This pertur-

bation can result from the interaction of the light with high- or low-

pressure areas in the water. The light is refracted by the change in the

*.. refractive index of the water due to the change in pressure caused by ultra-

sonic waves. In effect, the ultrasonic waves can be detected visually.

"55 S If a continuous (cw) light source is used, a cw sound beam appears as an

illuminated area on the TV monitor. Reflection and diffraction of the sound

beam from the sample are readily visible and, in general, all areas of

insonification are illuminated. This has proved to be a very useful aid far

studying the interaction of ultrasound with test samples.

e-

The Schlieren system developed in this research effort originally utilized a

cw light source, which was later replaced with a pulsed source that could be

synchronized with an ultrasonic generator. Ultrasonic tonebursts or pulses

could then be observed as well as the phase of the acoustic waves.

Schematic diagrams of the light-pulse electronics are shown in Figs. 15 and

16. The electronics produced a high-voltage pulse across an air gap between

29
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two tungsten electrodes, resulting in a short-duration, white-light spark.

Briefly, the design was adapted from Wyatt.6  The instrument consists of two

units: a power-supply (Fig. 15) and a flash unit (Fig. 16). The power-supply

provides all electrical power required by the flash unit. The flash unit
. contains a trigger circuit, a high-voltage switch, and the spark gap. A

silicon-controlled rectifier (SCR) and a trigger transformer are used to fire

.the thyratron which provides a low-impedance path to ground to discharge the

.: energy-storage capacitor through the spark gap. An auxiliary electrode near

the main electrode of the spark gap facilitates breakdown of the gap at a

-consistent voltage, thereby reducing jitter.

The pulsed Schlieren system proved to be a useful tool for ultrasonic NDE.

In many experiments the system provided the visualization needed for under-

standing the complicated interactions between the acoustic waves and the test

sample.
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Section 9

DETECT ION OF DEFECTS IN COMPLEX SHAPES

% The application of ultrasonics to the inspection of complex-shaped components

such as turbine discs is limited by the difficulty of coupling ultrasound to

the point of interest within, or on the surface of the component. Flaws near

the surface or a corner are especially difficult to detect due to the masking

effect produced by the large specular reflections from the surface or corner.

One method of overcoming these problems is the use of a mating part, i.e., a

part whose surface is a complement of the component surface.

A In this research effort both the theoretical and experimental aspects of the

*problem were studied. Experimentally, a half cylinder and its mating part

were machined from aluminum, and the surfaces were carefully machined to

provide a close match; water was used as a coupling medium between the

surfaces. Experiments were initiated to measure the reflection and transmis-

sion coefficients as a function of incidence angle. Also experiments were

- performed in which backscattering was observed from small holes drilled into

the half cylinder.

Transmission and reflection coefficients for a solid /fluid /solid medium as a
function of the angle were derived theoretically. The problem was treated as

a simple boundary-value problem under the assumptions that the fluid layer

was thin and that plane waves were incident upon the sample. The model

predicted that through the half cylinder alone, 10-M~z longitudinal waves

could be transmitted for incident angles of S 13 deg. With the use of the

mating part, however, the limiting angle increased to n- 80 deg. Experimental
data confirmed this angle and agreed very well with predictions of backscat-

* tered signals from near-surface and bulk drilled holes for incident angles of

5 50 deg.

A" As a final means of demonstrating the practicality of the method, a through-

*transmission test was made on a l-in.-diam. nut-and-bolt assembly. The

transmitted signal was clearly observed as were backscattered signals from

the interfacing surfaces of the nut and bolt.

~ . * *. w-u r ~ -. . . . ..34
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In conclusion, the use of mating parts effectively alleviates certain problems

encountered in the inspection of complex shapes. It is anticipated that the

use of a coupling medium having higher impedance than water would further

enhance the results. The publication containing detailed discussion of the

procedure and results is included in Appendix F.
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Section 10

ACOUSTIC DIFFRACTION FROM A CORRUGATED SURFACE

The effect of periodic rough surfaces on the propagation of ultrasonic waves

has been studied. The goal was to understand the phenomena of surface-wave

generation and propagation at a corrugated interface between a liquid and a

solid. The initial experimental arrangement consisted of an incident ultra-

-ii  sonic wave in water impinging upon a solid having a one-dimensional periodic

rough surface. For a given angle of incidence in the plane defined by the

surface-normal and the direction of the one-dimensional surface roughness,

the grating formula predicts diffraction angles of various orders for any

frequency by

nCf

-" sinOd = sinO + f l(a)d ' i Af

where 0d is the angle of the diffraction order, 01 the angle of incidence, Cf

is fluid velocity, n is the diffraction order, (= 1, 2, 3,...), A is surface-

roughness period, and f is frequency. Once the grating formula is modified

to a form involving phase velocities along the interface and specialized to

surface wave generation, it takes the form

Cf nCf
=sinO + l(b)

where C is the surface wave velocity. By time-reversal symmetry, thes

grating formula also predicts the angles into which the surface wave will

diffract. In Fig. 17, the angle of anomalies versus the frequency for the

various diffraction orders is plotted for a 0.74-mm, 60-deg. sawtooth-cut
aluminum sample. When a surface wave is generated (a Scholty, Rayleigh-type,

or compressional surface wave), it will produce a displacement of energy from

the region of insonification. Therefore, methods of detecting surface waves

which are sensitive to the shift of energy were chosen as candidates for

studies of the anomalies. As will be shown, the energy shift in some cases

was not sufficiently large to be detected.
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The first attempt to locate the surface anomalies consisted of the use of two

transdtcers; and a rough-surface sample which was positioned on a turntable

lninorsvd in a water tank. Figure L8 Illustrates the test setup. Since the
%'%

receivr had a wide angle of reception, its alignment was not critical. The

sample was pos~toned in such a way that its surface was normal to the

segment connecting the receiver and the turntable axis and was located half

way between these two points. The incident beam was specularly reflected to

the receiver at all angles of rotation of the turntable up to the geometrical

limits of the set up. Any displacement of the energy was expected to result

in a decrease in the receiver signal.

Evaluation of this test procedure as a candidate for studies of reflection

from surface roughness indicated that the physical and geometrical limita-

* tions of this setup hampered its applicability for such studies. Apparently

transmitter sidelobes incident on the rough surface complicated the received

signal. The receiver directivity, convolved with the data, produced an

additional complication.

Another experimental arrangement, based on a method suggested by Rollings is

shown in Fig. 19. In this method the sample was centered on the turntable,

with an aluminum flat-surface reference block being centered on the turntable

normal to the sample. A single transducer in a black-reflection mode,

employing tonebursts, was used to insonify the center of the turntable.

. Again, any displacement of the energy was expected to cause a decrease in the

received signal. This method has proved to be effective for flat surfaces,

*but was found inapplicable for rough-surface studies due to the large number

of diffraction orders involved. These orders, reflected from the normal

plate, generated additional anomalies which were difficult to analyze.

Moreover, sidelobes produced diffraction orders which further complicated the

interpretation procedure.

The test setup of a third method consisted of a sample centered on the

turntable, with a cylindrical reflector positioned in such a way that its

O center of curvature coincided with the turntable axis (see Fig. 20). A

single transducer in a back-reflection mode, employing tonebursts, was again

used to insonify the axis of the turntable where the sample surface was
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ROUGH SURFACE

1'1.giire 18. Test Setup Used to Search for Anomalies in Reflection
Coefficient. "T" is transmitter and "R" is receiver
(wide angle of reception).

9..R

SMOOTH SURFACE

* ROUGH SURFACE

Figure 19. Test Setup Used To Search for Anomalies in Reflection
Coefficient Suggested by Rollings (Ref. 7). Transmitter

* is also receiver. Smooth surface is reference reflector.
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centered. Displacement in the energy along the surface was expected to
* result in a minimum in the signal (as a function of angle) corresponding to

angles at which the grating formula predicted anomalies. Data produced by

sweeping through the various angles of incidence indicated variations in the

* reflection coefficient which were not necessarily related to the anomalies.

* The variations were possibly a result of the measured signal being an inte-

gration of all the scattered waves, including sidelobes and diffraction

orders, which interfere on the receiver. As a result, the signal from the

rough surface was too complicated to be interpreted. A typical scan using

this technique is shown in Fig. 21.

in each of the above methods, the frequency was held constant as the angle

was varied. In the following experiment, the angle was held constant while

the frequency was swept. The simplest experimental setup using this approach

consisted of a back reflection with the incident wave normal to the surface

of the sample. It was expected that energy would be displaced out of the

reflected I-,am when a surface wave was generated, which would cause a minimum

to occur in the received field. Figures 22 and 23 show two minima in the

data (received amplitude versus frequency) from an aluminum sample and a

single minimum from a brass sample, respectively. The frequency at which

these minima occur is not well defined because of the broad distribution in

the data which is unsatisfactory. The large widths of the minima may have

been caused by ba~am spreading. In other words, since the beam is composed of

diverging rays, the incident wave may not have been defined to within a

sufficiently small range of angles. In addition, the frequencies at which

_ these minima were expected to occur are 3.9 (Al sample) and 13.6 MHz (brass

*sample). The result expected for a brass sample is consistent with the
experimental data. Comparison of theory and experiment in the case of the

aluminum sample presents a problem since a minimum exists on either side of

the expected frequency of the surface-wave anomaly. This phenomenon will be

discussed again later, along with possible explanations.

0*. In another set of experiments, the angle of incidence was held constant

*(normal incidence), and the rough surface was insonified with a pulse. The

received signal was then processed using a time gate, Wiener filter, and Fast

Fourier Transform. It is important to note that the time-domain signal was
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reciu lded Lii.U .1 asamp l iMI g ,;t OjW 3(1 .M W C)-,lolplCr plug-in modit i', as shown

lit Fig. 24 ol the le'cl r [cal ,tilp. Tlhe comptler was then able to reld thesle

data v1i a Il i  t, r I L Oa Out ill u I I c W ;weo p 93ailil er

This method has several advantages over the previous methods. Since a pulse

was used in this case, the "specular-reflection" portion of the signal

arrived before the "leaky-wave" portion. Further, since the surface-wave

mode occurs only at certain frequencies and since it is a type of resonant

excitation of the surface, a ringing in the received signal resulted. By

proper time-gating of the received pulse, it was possible to enhance the

interference of the specular portion with the leaky-wave portion in the

frequency domain. Both Figs. 25 and 26 show the response from a flat surface

and the corrugated surface in the time domain and the response from the

corrugated surface in the frequency domain of the received pulses from an

aluminum and a brass sample, each with a time gate applied, followed by an

appropriate Wiener filter. Again the expected frequencies of the minima are

3.9 and 13.6 MHz, respectively.

From a comparison of Figs. 22 and 25 for the aluminum sample and Figs. 23 and

26 for the brass sample, it is clear that there is no significant difference

in the results from the two methods used. The broad minimum in the data from

the brass sample in Fig. 26 again is consistent with theory. Similarly,

there is a minimum on either side of the expected frequency of the anomaly in

the aluminum data presented in Fig. 25, just as in Fig. 22.

A possible explanation for the inconsistency in theory and experiment for the

aluminum sample is that the surface wave velocity may have been perturbed.

If this were the case, then according to the above experimental results, the

perturbation must have resulted in two surface wave modes--one with a slightly

higher velocity and one with a slightly lower velocity, corresponding to the

minima in Figs.22 and 25 at 3.7 and 4.1 MHz, respect~vely. To test this

hypothesis, an experiment was conducted in which the specular portion of the

signal from the rough surface was gated out by positioning the time gate

about the ringing tail. This resulted in a peak in the frequency domain

corresponding to the frequency at which a surface i;ave was generated. Figure

27 shows the result cf this experiment for the aluminum sample and proves
1-,
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Figure 24. Block Diagram of Pulse-Echo Technique Used to Search
for Anomalies in Reflection Coefficient of Acoustic Beam
Normally Incident upon Periodic Rough Surface.
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LhaL only one surface mode exists and that this mode corresponds Io ti,

frequency expected for the surface-wave anomaly.

Another possible explanation is as follows. Define the frequency, fo to be

the frequency at which the incident beam is strongly coupled to the surface

wave. Assume that at fo the displacement of energy by the surface wave is

insufficient to cause a significant change in the energy received by the

transducer. The only evidence of the surface wave would then be a phase

change relative to the specularly reflected signal. At other frequencies

near fog the energy in the incident beam would be less strongly coupled to

the surface wave, causing a redistribution of energy between the specular and

leaky wave portions of the received signal. At two frequencies, one greater

and one less than fo' the specular and leaky-wave portions would produce

maximum interference. This would result in two minima in the frequency

response--one on either side of f . It is suggested that those two minima

correspond to those seen in Figs. 22 and 25. This hypothesis has not yet

been tested.

.'S.

.5 An aid in the study of reflections is the Schlieren Visualization System (see

Section 8). Using this experimental tool, a beam displacement was observed

at frequencies and angles roughly corresponding to those given by the grating

formula for surface-wave generation. This tool aided in the search for

anomalies in the methods to follow. Figures 28 and 29 contain two schlieren

photographs. In Fig. 28 the frequency was chosen such that the beam was not

displaced; in Fig. 29 the frequency was changed to produce a displaced beam.

It should be mentioned that there is both a forward and backward displacement

of the beam in Fig. 29. Unfortunately, the schlieren system is not capable

of providing accurate angle information.

Recently the single-axis scanning system and the corresponding software to

control it were completed; it is now possible to perform experiments which

involve scanning the receiving tranducer parallel to the surface of the

sample while holding the transmitter motionless and stepping through any

-given frequency range. Large amounts of data can now be accumulated in a

systematic search for anomalies through location of the frequency of a given

angle which produces the largest shift in the mean position of energy.
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* Figure 28. Schlieren Photograph of Reflected Beam from 0.74-mm
Corrugated Al Sample Showing No Beam Displacement.
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This same search algorithm produces an amplitude distribution of the reflec-

ted signal from a rough surface (as a function of receiver position) which

can be compared to a flat-surface distribution. From these distributions, it

is possible to calculate such parameters as the mean location of energy, the

width of the distribution as defined by the second moment of the energy

distribution, and the total energy.

In this series of experiments, four different angles were examined. The

angles of incidence and reception were held equal. At each of these angles,

the frequency was stepped through a range centered on the expected location

of the anomaly as given in the grating formula. This experiment was con-

ducted on a 0.737-mm, 60-deg. sawtooth-cut aluminum sample. With this method

the greatest degree of success was achieved, but this success depended upon

the capability to control equipment and to collect and process large volumes

of information by means of the computer. The mean position of the energy,

<X>, and the width of the reflected beam as defined by the second moment of

the energy distribution, VAR(X) were calculated. Sample field distributions

are shown in Fig. 30. Plots of <X>, and VAR(X) for each angle examined are

shown in Figs. 31 and 32, respectively. Also shown in these figures are the

corresponding reference curves for a reflection from a flat surface. Note

that since 31 deg. is the Rayleigh angle for aluminum, the flat-surface

reflections for this angle show the expected displacements.

Several observations can be made regarding the amplitude-distribution
measurements. As evident in the data collected, a bimodal distribution is

.
.. .not always associated with nonspecular reflections from a rough interface.

'. .Furthermore, a displacement of the mean position of energy does not always

* occur on the rough surface--even when predicted by the grating formula. This

V does not indicate that the formula is invalid but rather that little energy

is coupled to the surface wave or that the coupling causes a redistribution

of energy without a shift in the mean position. Neither of these possi-

bilities is taken into account in the grating formula. Finally, it should be

IT. noted that a backward displacement of the reflected beam was observed in

'- certain circumstances, for example, in the schlieren photos in Figs. 28 and

29 as well as the plots of <X> versus frequency in Figs. 31 and 32.
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Finally, measurements of the real and imaginary parts of the velocity (or
wave number) of the surface wave were carried out using two transducers in a

pitch-catch, normal incidence, toneburst mode. In order to prevent the bulk

waves from interfering with the received leaky wave, a rubber pad extending

to the surface of the sample was positioned between the transducers. This

pad also eliminated the possibility of Scholty waves affecting the results.

The receiving transducer was scanned laterally and the time-of-arrival of the

leading edge of the received and rf-detected signal was plotted verses

receiver position. From these data, the slope was calculated, which yielded

the real part of the surface-wave velocity. The imaginary part of the wave

number was calculated from the signal-amplitude-verses-receiver-position data

given in Fig. 33. These measurements were taken at only one frequency.

The experimental value of the real part of the velocity was calculated to be

2.87 + 0.03 mm/sec. This value is to be compared with 2.906 mm/psec. given
4,.

in Ref. 8. The uncertainty was established by the resolution of the recor-

ding apparatus. Since, at present, no complete theoretical models exist with

which to compare the experimental measurements, the following constitute

model-independent conclusions and observations. First, from the data collec-

Sted, it appears that the real part of the velocity of the surface wave which

propagated along the rough surface of the tested sample was unperturbed by

the roughness. Further tests would be required in order to determine whether

a generalization is possible and to define its limits. One interpretation is

that the effective path of the surface wave is not along the minute details

of the surface but along the effective flat surface as if the roughness were

nonexistent. It may be that the wave skims along beneath the roughness.

Again, more study is required to answer questions posed by the possible

interpretations of the results of this experiment.

The experimental value of the imaginary part of the wave number, a, was
* -l

calculated to be 0.059 + 0.002 mm . The corresponding value for a flat

aluminum surface at the same frequency is 0.75 mm-1.1 The measured value of

a for the rough surface is much less than the value for a flat surface

aluminum halfspace. Apparently, the rough surface allows the surface wave to

propagate farther than a smooth surface. As a result, the coupling of the

4incident beam to the surface wave was less for the rough surface tested than
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for a flat, (otherwise-equal) surface. It is important to note that this

result is for the special case of normal incidence on the specific rough-

surface sample which wass tested. At a different angle or frequency or for a

different sample, the coupling to the surface wave may be increased or

decreased, implying a larger or smaller value tor a. The fact that a is

small for normal incidence on the 0.74 Al sample--with the corresponding

conclusion that the coupling of energy to the surface wave from the incident

wave is small--is consistent with the cesCJts of the experiment using both

4'- toneburst and pulsed back-reflection method]s to excite the frequencies of

anomalies. In the two methods, the results indicated shallow minima in the

frequency domains verses amplitudes. Tis; implies a small coupling of energy

into the surface mode.

* Appendix G presents the results of a theoretical study conducted on the

interaction of elastic waves with a periodic rough interface layer between

solids. This publication presents the initial stages in the modeling of this

phenomenon. In the paper approximate boundary conditions were derived in

three steps for a periodic rough interface layer between solids. The first

step involved development of modified boundary conditions for a smooth thin

layer (similar to work discussed in the papers of Appendix A described in

Section 2). The second step was the development of modified conditions for a

rough interface without a layer. Finally, the results of the first two steps

. were combined. In these steps, the amplitude of the surface roughness was

assumed to be small, as was the layer thickness. Information is extracted

from these boundary conditions concerning mode conversion, including surface-

wave generation. This information is consistent with the grating formula

given in Eqs. 1(a) and l(b). Again, this publication presents only details

of the initial stage of the study and is incomplete in that most of the

experimental aspects discussed in this section cannot be understood in terms

of that model in its present form.

In conclusion, several techniques were utilized in studying the phenomenon of

surface-wave generation, propagation, and reradiation on periodic rough

surfaces. The techniques that proved to be the most helpful in understanding

the phenomenon were the pulsed Schlieren visualization technique, the pulsed

time-gated FFT technique, the thorough-position and frequency-scan technique,
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-- and the simple technique described for measuring the surface-wave velocity.

.Further theoretical and experimental studies are necessary to provide a more

complete understanding of ultrasonic interactions with periodic rough sur-

faces.
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Section 11

HIGH-IMPEDANCE BACKINGS FOR BROADBAND ULTRASONIC TRANSDUCERS

When ultrasonics are employed for NDE, it is frequently desirable to use

short-duration acoustic pulses. These very short, or broadband, pulses

provide much higher depth resolution than toneburst radiation. One of the

simplest ways of producing broadband pulses is to back the piezoelectric

blanks used for the generation of the ultrasound with a material having an

acoustical impedance which matches that of the blank. This material must

also be capable of sufficiently attenuating the sound waves entering it such

that no energy is reflected back into the blank. Traditionally, backings

have been produced using a mixture of tungsten and epoxy, the former pro-

*ducing the required high impedance and the latter serving as the matrix. A

-, major problem with the use of tungsten/epoxy backings is that the desired
5 2_

impedance range of 30 - 35 x 10 g/cm -sec. requires a high volume fraction

of tungsten, typically in the range 0.70 - 0.90. Methods of producing a

cohesive backing which contains such high volume fractions of tungsten

-- include centrifuging and hot pressing. These techniques generally produce

A backings with an impedance of 5 25 x 105 g/cm -sec. Accurate reproduction of

the backing is. difficult due to the steep slope of the impedance-versus-

volume-fraction curve in this range. These limitations prompted the search

for a more effective transducer backing.

Prerequisite to this search was a model for predicting the effective

*impedance of a mixture of two or more materials--a model describing the

combined elastic stiffness moduli of the constitutents. It was found that

the lowest bound on the effective moduli produced acceptable fits to measured

A. impedance data.

In order to reduce the volume fraction of tungsten, a binder having an

impedance greater than that of the epoxy was required. Many other polymers

which could serve as a matrix were examined, but all had an impedance less

than 4 x 5 g/cm -sec. Other researchers 9 who had made attempts with

plastic metals such as tin as the matrix were forced to use very high com-

pacting loads and even then, had not achieved complete success. The use

59pp-.
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of molten metal was rejected since the high melting points involved were

above the Curie temperature of some of the piezoelectric blanks. FinallV,

the use of low-melting-point alloys as a matrix was considered. Requirements

for the selected alloy were as follows: the alloy must 1) effectively bond

the various fillers employed, 2) have a melting point below 180*C, 3) be

available in powder form with particle size less than 50 p, and 4) adhere

well to the gold electrodes on the piezoelectric blanks. A low-melting-point

solder, In-Pb 50:50, was found to satisfy all of the above requirements.

The model was used to examine the impedance curves for mixtures of In-Pb

50:50, tungsten, and copper. The copper was added to aid in attaining a high

: ~ attenuation and also to provide better fine tuning of the impedance without

lowering the overall impedance. The results showed that the desired

*impedance range could be obtained using less than 60% tungsten. These three

powders were mixed in a V-shaped mixer and hot pressed at 2000 psi at a

temperature of 150*C. The impedance of the sample, calculated from the

measurement of the longitudinal velocity and mass density, was as predicted

by the model within experimental accuracy limits. In addition the backing

- was cohesive and had an attenuation of 15 dB/cm. Further tests showed that

this mixture could also be hot pressed directly onto the piezoelectric blanks

and would adhere very well to the gold electrode.

The ultrasonic output from a piezoelectric blank having a tungsten/In-Pb

-1. 50:50/copper backing was examined in a pulse-echo mode. The received pulse
was very short and very broadband, surpassing the bandwidth of similar

commercial transducers which have comparable center frequencies. Details of

this study can be found in Appendix H.
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Section 12

CONCLUSION

Work wes accomplished in two major areas--ultrasonic leaky surface-wave

phenomena on layered halfspaces and NDE of composites using ultrasonic

backscattering. Several related projects were also carried out during the

course of this contract. The study of surface waves led to an understanding

of the interaction of transverse stresses with halfplane cracks normal to

wavefronts. Reflection from composite interfaces and composite layers also

fits naturally into the context of reflection from layered halfspaces.

Additionally, the work on backscattering in composites precipatated the

development of a corrosion-detection technique. Other areas of research

included the coupling of energy into complex shapes, the reflection of finite

acoustic beams from a periodic fluid-solid interface, and the production of

impedance-matched backing materials to allow the manufacture of broadband

transducers.

The leaky surface-wave phenomenon on a layered halfspace immersed in a fluid

is now understood through models which have been developed, both analytical

and numerical in nature. The observed behavior concerning the velocity

dispersion and the amplitude distribution of the reflected field agrees very

well with theoretical calculations. Experiments conducted by other
10

researchers, confirm the theoretical trends found in the Shoch displacement

parameter.

Existing theoretical models of wave propagation were exploited to predict and

quantify the presence of a reflected surface wave from halfplane cracks

oriented normal to the wavefronts. The expected reflection was observed in

the laboratory on a glass sample having a corresponding surface crack.

Efforts were made to assure that the reflection was from the crack tip and

not from the fringe stress field about the tip.

A model of reflection of an acoustic wave incident on a fluid fibrous-

composite interface was developed wherein the composite was unidirectional,

with its principle direction being normal to the interface.
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a.'.? The model averaged the properties of the fibers and matrix to produce an

effective, homogeneous dispersive medium. Experimental measurements verified

the theoretical calculations.

The non-specular reflection of finite acoustic beams from a unidirectional,

fibrous composite plate in a fluid at acute angles has been observed and

measured. The fibers were oriented parallel to the plane of incidence and

reflection, and parallel to the interface. An attempt was made to correlate

these measurements with theoretical models involving Lamb waves. Preliminary

study and experimental observation indicated that any model used to describe

this behavior must take into account the dispersive anisotropic nature of the

£. composite.

* An acoustic backscattering technique has been shown to be extremely effective

'C,- in NDE tests of composites, allowing mapping of subcritical flaws on a

ply-by-ply basis. Fiber direction, fiber alignment, and porosity can be

observed using this scanning procedure.

The applicability of the acoustic backscattering technique has been extended

to the detection of corrosion. The resolution and sensitivity of detection

of various types of surface flaws including corrosion have been measured.

The effect of surface roughness, paint, epoxy, and porosity on the resolution

and sensitivity has been examined. The feasibility of this technique has
been demonstrated. As was shown, care must be taken to differentiate between

porosity and corrosion due to the similar backscattering characteristics.

Two research systems were designed and built to aid in future NDE work within

the AFWAL Material Laboratory. These are; 1) a precision, state-of-the-art,

computerized C-scan system, and 2) a high repetition-rate pulsed schlieren

system.

The problem of coupling acoustic energy into complex-shaped structures was

analyzed. One possible solution, that of utilizing a mating (or complement)

part was examined theoretically and experimentally to determine its effi-

ciency at various angles. The efficiency of coupling energy into a part at
a.. .,
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high angles of incidence in both through-transmission and backscattering

modes was found to be significantly increased through the use of a mating

part.

The effect of periodic rough surfaces on the reflection of finite acoustic

beams from fluid/solid interfaces was investigated. Existing physical

arguments concerning phase and a new theoretical development have predicted

the generation of surface waves at angles other than the Rayleigh angle.

This was confirmed experimentally. The nature of these non-specular reflec-

tions was observed experimentally, answering some questions and posing

others. The surface-wave velocity of one rough-surface sample was shown to

be unperturbed. Further work is required from a theoretical perspective in
.4 ,~

order to fully appreciate and understand the observed behavior of this

phenomenon.

Finally, a high-impedance, broadband, ultrasonic, attenuative transducer

backing was developed. This was accomplished by use of a low-melting-point

alloy as a matrix, In-Pb, and a combination of tungsten and copper powders.

This combination met the specific requirements for the backing when used in

the proportions specified by a model extracted from existing theory which

gives lower bounds to the effective properties of the particulate mixtures in

a matrix. The backing was adhered to a piezoelectric blank to produce a

broadband transducer.
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Ultrasonic leaky waves in the presence of a thin layer
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This paper presents theoretical and experimental results on the problem of bounded acoustic
".'- beam reflection at the Rayleigh angle from a fluid-solid interface which is loaded by a thin solid

,.' l.,., layer. The theoretical developement exploits the framework of existing theory to yield a simple,
analytic model which is reasonably accurate for thin layers. It is shown that the influence of the
layer is contained entirely in the dispersive Rayleigh wavespeed and the thickness-dependent
displacement parameter A,. Measurements of the reflected acoustic field amplitude have been
performed on several samples of stainless steel loaded with a copper layer. We have found
reasonably good agreement between the theoretical model calculations and experimental
measurements for ratios of the layer thickness to the Rayleigh wavelength as large as O.3. Beyond
this value, some disparity is obserx ed. particularly in the calculation of the thickness-dependent
Rayleigh wavespeed

. PACS numbers: 43.20.Fn. 43.30.Dr. 43.30.Ft

-. I. INTRODUCTION leaky Rayleigh wave created by the incident beam at the

The energy redistribution that occurs when a bounded Rayleigh angle. Braezeale, Adler, and Scott9 experimentally
acoustic beam is reflected from a fluid-solid interface has verified the Bertoni and Tamir model, while Pitts, Plona,

S been the subject of many analytical and experimental inves- and Mayer"' have recently presented theoretical results for
" tigations. Following the discovery of analogous effects in the case of a finite beam incident on a solid plate in a liquid.

% optics by Goos and Hinchen.' Schoch predicted,' and later Theirresultsshowthatdstortonofthereflectedbeamatthe
experimentally verified,' the beam-displacement effect for Lamb angle can also occur.
an acoustic beam incident on a liquid -solid interface. Ac- This paper investigates theoretically and experimental-
cording to Schoch's predictions, the beam is nonspecularly ly, the influence of a thin layer bonded to a solid upon the

i : : reflected in that it is laterally displaced while retaining, more shift and distortion of the reflected beam. This problem dif-
2 . or less. its original profile. In contrast to these predictions, fers from the no-layer case in that the reflection coefficient is

many experiments' ' have revealed that the reflected beam not readily available in closed form, and therefore must be
- may also suffer severe distortion if it is incident at, or near, derived. The results of this analysis reveal new phenomena

the Rayleigh angle. Physically, resonant transfer of acoustic that occur in the presence of the layer. Both the Rayleigh
energy from a longitudinal wave in the liquid to a pseudo- wavespeed and the parameter associated with the energy re-

< Rayleigh wave propagating along the liquid-solid interface distribution are frequency dependent in the layer case. These
occurs. As it propagates, the Rayleigh wave reradiates into two new effects, in turn, influence the lateral displacement

i the liquid at the Rayleigh angle because of the resonant cou- and distortion of the reflected beam.
pling. The result is a redistribution of the reflected field in- A solution to the equations that result from an analysis
tensity such that a sizable fraction of the acoustic energy of the above model could be obtained formally by solving the
seems linearly displaced along the interface. This energy re- field equations in the fluid, layer, and solid halfspace with
distribution includes, in addition to the lateral displacement, the appropriate boundary conditions. However, the results
a null region and a trailing field which becomes weaker as it would be quite complicated algebraically. Furthermore,

% extends along the interface away from the incident beam. such detailed analysis of the wave motion in the layer would
Bertoni and Tamir have examined the reflection coeffi- greatly complicate the problem. An attempt to obtain the

- cient for angles close to the Rayleigh angle and constructed a exact solution of this problem could, therefore, obscure im- °

: e which explains these distortion phenomena. Specifi- portant features of the solution for a thin layer. However,-inc mode are mainin inthesee intrto pheomna thi-lyeiaefth-k
cally, they pointed out that the suitably simplified reflection ness small compared to the incident wavelength), we cancoefficient has a singularity which leads to solutions corre- proceed in a much less cumbersome way by including the

IJI sponding to radiating (leaky) Rayleigh waves. According to effect of the layer as a nonzero homogeneous term in the% their analysis the distortion is the result of interference be- boundary conditions. To this end, we shall develop modified
* tween the geometrically reflected field and the field of a boundary conditions, refrring to the reformulated problem

as the "reduced model."
4. "'Cotisultant. Permanent address: Department of Aerospace Engineering In Sec. Ithe complete theoretical treatment for leaky

and Applied Mechanics, University of Cincinnati. Ohio 45221.
% 'Visiting Scientist. Permanent address: Department of Welding Engineer- Rayleigh waves in the presence of a thin layer is developed.

ing, Ohio State University, Columbus, Ohio 43211. Section III outlines experimental considerations, and we
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% present our measurements together with results from the a 20 a 
% theoretical model in Sec. IV. + . ... (aa)

II. THEORY 2 , + . .. 0 (5b)

A. Formulation of the problem The longitudinal and shear wavespeeds for each medium are
Consider a thin elastic layer of thickness 2h tightly given respectively by

bonded to a solid elastic halfspace of different material.
.A Overlying this structure is a fluid (water) halfspace as shown [(A + msaosfyh continu/y)co.inFg..A ytmi hoe ihth rgnlcae tte Solutions of Eqs. (I H-6) must also .satisfy the continuity con-

in Fig. 1. A system is chosen with the origin located at the ditions at the interfaces; in our notation these are
center of the layer, the positive z axis pointing downward
into the semi-infinite solid. The layer extends from U, = u, W, = u'o, 0',, = ,o<, O'xz = O ,o , at z = h, (7)

' - hz ,h, with the solid halfspace extending from z =- h w(, = w,, o,,, = oz,*, o, = 0, at z = - h. (8)
to oo and the fluid extending from z = - h to - oo . In our
subsequent analysis we shall identify the field variables and
properties of the layer, fluid, and solid substrate with the B. Reduced model
subscripts Of and s, respectively. The fluid medium is sub- In principle solutions to Eqs. (1)-45) subject to the con-
jected to a time-harmonic, bounded acoustic beam incident tinuity conditions of Eqs. (7) and (8) could be formally ob-
onto the fluid-solid interface at an angle 0, with respect to tained, but the results would be quite complicated algebra-
the surface normal. To reduce the analysis to two dimen- ically. An attempt to obtain an exact solution could obscure
sions, we assume that no acoustic wave, incident or reflected, important features of the problem. Moreover, since our prin-
has ay dependence. Alternatively, all particle motion is con- cipal interest in this problem centers on the case of a thin
fined to the x-z plane. layer, we include the effect of the layer as a nonzero, homo-

, In order to study the behavior of the reflected beam, one geneous term in the boundary conditions. To this end we
must solve the appropriate field equations in each of the rewrite Eqs. (1 H5) for the layer in terms of displacements
three media (liquid, layer, and substrate), incorporating the and stresses. These relations include the two-dimensional
appropriate continuity conditions. Formal solutions are ob- momentum and constitutive equations
tained by introducing the potential functions 0 and 0b for
each of the media. These functions are related to the particle '0 + (9)
displacements and stresses by ax z PO O

u o0 9o(b o, 2 + P = , (10)

3x z () z x

w=- + (2) 0.0 =(Ao +2o) + A -, (1)
z Ox xz

1~~~ 0t 2  0 wo duo (2
o,= (A + 2#)+ 2 (3) o, ={ (o + 2#o) -- + A- (12)

%- 11,a, = /( 2- L + a 2 - -3 : (4) Z,) = (o + Ow " (13)
.0dxdZ Ox2  Ox (3

Since the fluid cannot support a shear wave, the shear poten-

tial 0, is identically zero in this medium. In the two solid Since we assume that 2h is finite but small, variations in the
* media 0 has only a single nonvanishing component because displacements u,, and wo across the thickness of the layer can

particle motion is restricted to the plane of incidence, be neglected. Equations (9H 3) may be integrated across the
The wave potentials 0 and 0b satisfy separate wave equa- thickness of the layer using the following definition of aver-

tions for linear, isotropic media, namely, age value:

J= - ( )dz . (14)

•UID2 h With this procedure, we obtain the following:....... FLUID ,2(O, -  )

LAYER O 2 O x po- , (15)

SUBSTRATE 12 ( = 1-T,2h, pogo ao,({ - h ) - oh ) (16)

C7.0 ,(At, +  2,(17,, ( )

06 , - --,(18)
FIG. I. Coordinate geometry. x
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{19) system of linear equations that relate the wave potential am-
oxIO =/to - 19) plitudes. Using these relations the value of R becomes

If Eqs. (17H19) are substituted in Eqs. (15) and (16), they _f(anb + a + pJa (a2
.% lead to R - (ab 2 + a2b,) + 2,-.'N.a (30)

2 h ((A o + 2 u}' P i ) 2 4(1 - h a , (h ), (2 0 ) w h e re - ( a 2  2 )

X2 a, = /,(24 - k ,) - 2ihA(6,17. , (31a)
2hN . - p,,w,,=a.,(- h .- (h. (21) b. = 2i.(ip. CL, -h/ , " 4J, (31b)

Using the continuity relations Eqs. (7) and (8), Eqs. (20) and a, = 2i" [is, ,, - , + 2#0)C' o], (31c)

(21) may be recast into the following forms: b2 =/', 24 2 - k ,)- 2ih, (A., + 2,)u o 2. (31d)
2h( ,, + ) a u - ) (h (22) In the absence of the layer (h = 0) Eq. (30) correctly predicts

2x - p. - , , the reflection coefficient of a liquid-solid interface (see Ref.
/ '13 for example). Now we consider the dispersion of the prop-

• 2h O" P owo) = o.f( - h ) - o ,(h). (23) agating surface waves at the liquid-solid interface. This dis-
s2) dpersion is produced by a layer and, therefore, vanishes in its

Equations (22) and (23) are significant since they are the absence.
4, only relations that reflect the effect of the layer via the modi- The expression Eq. (30) for the reflection coefficient

fied longitudinal and shear stress boundary conditions. In contains, as a by-product, the characteristic equation for the
the absence of the layer (h = 0) they reduce to a, (0) = or(0), propagation of a modified (leaky) Rayleigh surface wave
o(0) = 0, which are the classical liquid-solid stress con-
tinuity relations. With these approximations the displace- which propagates along the interface between the fluid and a

e n y t E ) , uthin layer bonded to the solid. The vanishing of the denomi-
ment continuity conditions, Eqs. (7) and (8), reduce to nator in Eq. (30),

= u , uo =,= , at z= 0. 24) 4.1 ab 2 + ab,) - pa9(Pa2 - 1,b 2 ) = 0 (32)

. To first-order approximation in h, Eqs. (22) and (23) can be is the characteristic equation for such waves. If Eq. (31) is
recast into the approximate forms substituted into Eq. (32), then for a real frequency w, Eq. (32)

'22 u(a -(25 will admit complex solutions of the form. k, + =kid. (33)

2h ( a Iwo - () From Eq. (33) the phase velocity of the Rayleigh wave is

X2  
- (given as c, = w/k, and a is the attenuation coefficient. Note

that a vanishes in the absence of the fluid, and hence no
- ., C. Reflection coefficient and leaky wave dispersion attenuation (leaking of energy in the fluid) occurs. In the

presence of a fluid these surface waves are called leaky

To determine the reflection coefficient for plane har- waves. It will later be shown (Viktorov" also notes this) that

monic waves incident from a fluid onto a solid surface, we c, is hardly affected by the presence of the fluid, and there-

begin by writing the Fourier transforms of the wave poten- fore, a is very small. However, as shown by Bertoni and

tials with respect to the x coordinate and assume exponential Tamir' a is important because it is related to the lateral

solutions in the z coordinate. These steps lead to formal solu- displacement of the reflected beam. Examination of Eq. (32)

tions given by indicates that in the layer case, the medium is dispersive, and
-. )7 c, and a depend on the frequency in a rather complicated
and efashion. Notice also that Eq. (32) contains the classical char-

I+ and acteristic equation for a surface wave, which is obtained by

'': {) = 0, exp(i1 .z + 0; exp( - i,.z), (27c) setting h = 0 andpf = O.Graphical results ofc, as a function

"% where the caret indicates a transform and the prime desig- of frequency are presented and compared to measurements

nates a reflected field. The circular frequency is w and the in Sec. IV.

complex amplitudes 0, P, 0f, and 0. are constants to be D. Field of the incident beam
determined from the boundary conditions. The wave-vector In this section we discuss the propagation in the liquid
components are given by of a finite-width beam having a Gaussian profile in the plane

21.2 - (28) of incidence. This choice simplifies considerably the analytic
where. =k _ 2)1,., (k~ 42),, (28) evaluation of the integrals in this and the next subsection. To
where kf sin0 with the angle 0 measured from the surface this end, consider a two-dimensional, finite-width Gaussian
normal. The longitudinal and shear wave numbers are beam generated in a liquid at an arbitrary location z = -

j k,.2 = w/c,.. In the fluid we shorten this notation to and propagating toward the interface at an angle 9, with the
k = (c0/e, since there can be no ambiguity. From Eq. (27c) normal to the surface. The profile of the beam is character-
the reflction coefficient A is given by ized by an effective width 2a that is large compared to the

R.., R= O/f. (29) wavelength A in the liquid. Therefore, the acoustic field has
Inserting the Fourier transformed stresses and displace- significant amplitude only for a distance a on either side of
ments into the continuity conditions Eqs. (7) and (8) yields a the beam axis. We further assume that the beam consists of

4987 J. Appl. Phys., Vol. 52, No. 8, August 1981 Nayfeh ot l. 4967

68



rays that are parallel to the axis of the beam. If the incident- which, if used with Eq. (34) yields

beam field is known at some position,e.g., z = 0, then the G"f k,)21.

beam field can be determined at any location by solving the 4 f(xz) ep -

wave equation subject to the initial conditions. From Eq.

(27c), we have X exp(iLx + il 1z) d (38)cosO 9

I f (34) Examination of Eq. (38) reveals that it cannot be invert-
Ofx,z) = J CP,(") expix + i ,Z)d, ed to give exact analytic results. However, the principal con-

where tribution to the integral comes from values of lying in the

vicinity of the incident wave number k,. Accordingly, ap-
"= J ,(x,0)e - 'dx. (35) proximate values of4b/(x,z) can be obtained by expanding " iniSince it is assumed that 4/(x,0) is Gaussian, the a Taylor series about k,. Using terms up to the third order,

e i u ea -(x/o) is G in, te we obtain
r -, exp (xlao) + ik,x (36) k 2 k," k 2- kJ

V-=r acosO, (k2 -k)1/ 2  (k2 - k 2 2(k' - k) 3 2

where F represents the amplitude of the potential in appro- (39)
priate units. Here k, = k., sin0, and a, = a sec0, is the half- Since ki = k/sin0j, f becomes
width acoustic beam along the x axis. Substitution from Eq. Sc = kf sinO~, t becomes
(36) into Eq. (35) yields - k/cos 0  - " tan0, - ( - k i)2/2kfcos 391 . (40)

exp [ - - ki )2 (a,12)2] Substituting from Eq. (40) into Eq. (38) and collecting terms

O9 = Fo exp[ (37) yields

4F [ 2[ iz zizkf ) d (41)
'(x~z) =-~i expl - -kJ' ILO + exp [i (x - z tan~j)] exp2r f 2 ) + 2k, cos'O, (cosO,) cosoi

Comparing the integrals of Eqs. (41) and (38), it is evident tion is due to the additional dependence ofR (4") on -. There-

that Eq. (41) can be inverted directly to give fore, in order to develop a tractable model describing the

exp [ikx sinO, +zcos) p 2 reflection phenomena, it is also necessary to approximate

, Z))2 (42) R (g) for values of close to k, In adopting any form of
r a, cos29, approximation, care must be used. The straightforward ap-

where proximation, such as the Taylor-series expansion, is ade-
quate in ranges where R ( ) is well-behaved, specifically away

X= x - z tanOG, (43a) from the surface-wave pole at k, + ia (see above discussion

a= ao + 2iz/kf cos'0, . (43b) of the dispersion effects). If this fact is not taken into consid-

The beam in Eq. (42) is also Gaussian and propagates in eration, the results of this simple expansion for incident

the direction x sin0 + z cos0, with an effective complex waves near or at the Rayleigh angle are inadequate to explain

width of 2a,, as given by Eq. (43b). If the plane at which the the distortion of the reflected beam. By including the influ-

beam field is known is located at z = - L, rather that at ence of the Rayleigh wave pole, Bertoni and Tamir' were

-. z = 0, the relations Eqs. (43a), and (43b) have to be modified able to explain these phenomena. In Ref. 8 it was also shown

by substituting z + L for z. Note that if two, rather than that Schoch's results are correct only for very wide beams.

three, terms are retained in the expansion of Eq. (40), the Before considering the influence of the Rayleigh wave pole

width of the beam a, would reduce to ao; hence, the beam in on the reflected beam, we shall apply Schoch's approach to

Eq. (42) would only be shifted without a change in shape the present problem to obtain an expression for the beam

(spreading and reduction in amplitude). It is the inclusion of displacement parameter A. By considering the case of total

the third term in the expansion which is responsible for the internal reflection (0, > 0 ), we may write the reflection coef-

* analytical spreading of the Gaussian beam. ficient in the foliowing form:

E. Field of the reflected beam R(4)=(R(4)e's (45)

Upon r c o iwhere the amplitude IR ( ")J is very close to unity, and S ( ") is.', Upon reflection of the incident beam into the fluid the

beam profile of Eq. (34) is modulated by the reflection coeffi- the phase of R ( ) . Consistent with our previous approxima-

cient R This reflected beam is described by tion, the Taylor-series expansion about k, is used for S ( );
this result is equivalent to the Fresnel expansion.' Then re-

Of R e"( taining the first two terms we obtain
.= -i,) ("R (-)exp(ix - i;,z)d (44) R ()=R (k)

wherez has been replaced by - z to indicate reflection. The X exp i[(g - k,)S'(k,) + (4 - k,)S"(k,) ] 1(46)

evaluation of the integral in Eq. (44) is more complicated
than the corresponding integral of Eq. (34). This complica- where S'(k,) = (S )/84 evaluated at . = k,; the same holds
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-* for S "(k). The inclusion of the second term in the expansion 4, = - (Ap./pf)(rs) ll2(TfD,/TD 2), (56)
4. was also retained by Brekhovskikh 2 ; it is of the same order where
..o. of magnitude as the term in the exponent of Of as shown in s=(c,c, )2, q-_(c,./c,,q,% Eq. (37). Substituting from Eq. (46) into Eq. (44) and compar- (, 4 )2 = C,0,

ing with Eq. (38), we deduce that, apart from a constant S1. = [ Po/(Ao + 2,Uo)] 1/2 = I/Clot

multiplier, the influence of R ( ) is twofold; first, it accounts S20 = (o,/o)"2 
= 1/c20,

for the lateral displacement of the reflected beam along thex / -- y'/. , = (Ao + 2En)//c,,
.'. axis through the following relation: pit) = S2  S20 , P20 

2 
_

• .A. S'(k,) (47) 1S0-."-'( )(4) T=(s-I1)112, T, =(s-q)'' 2 , T,=(rs)' 2,

and, second, the beam width is modified to a new complex - = -
- width, D, = 16s - 4s(T/T. + T,/T) - 8TT, - 8

a, = M - 2iS-(k)jl 2. (48) - Q [(2T 2 +PO)E/T + (2TI + P01,/T,, ,
Both effects indicated in Eqs. (47) and (48) exist regardless of D 2 = - QEP,,(T - s/IT),7... r,

the value of z. The subscript on the displacement parameter and

* A, refers to the developer of this formalism 2'; we retain this Q = 2hk,, = 2hw/c, (57)
terminology because of its widespread use in the literature. It In the absence of the layer Eq. (56) reduces to
follows then that the reflected beam profile at any location 24p, ( rr - s) \I/2( 1+ 6 2 (1 - q) - 2s(3 - 2q)

. (x,z) of a Gaussian beam at angles different from the Ray- A =.)
leigh angle has the approximate form of Eq. (42), if z is re- 1TP1  s - 1 s-q

placed by - z to indicate reflection and the parameters x, (58)
and a, are redefined as follows: which is identical with the results obtained by Schoch (see

x, = x + z tan0, - S'(kj, (49) also Ref. 12).

2 The dependence ofA/A on the dimensionless frequen-
a, = a - 2iz/k, cos1O1 - 2iS "(k,) (50) cy Q for a specific set of elastic constants discussed later is

It now remains to derive specific expressions for S'(ki) shown in Fig. 2. In addition to the explicit appearance of Qin
and S "(k, . This can be done easily by differentiating Eq. (45) Eq. (56), c, contains an implicit dependence on frequency
with respect to 4'. Noting that since IR (4)) is approximately and layer thickness, which also modifies the behavior of
unity, we have A,/A. The correct value of c, as a function of Q is obtained

S'(k,) = R '(kj)/iR (k,). (51) from Eq. (32). At Q = 0, corresponding to long wavelength

Now, by rewriting R (4') as or small layer thickness, the value of4,/A from Fig. 2 is that
R, =. Iappropriate for the substrate material above, as verified in
R =1 - 2F/(G + F), (52) Eq. (58). As the layer thickness or the frequency increases,

where A,/A decreases towards the value predicted by Eq. (58) for

F=- poW2/fg)(I,b 2 + P)a, the material properties of the layer. In fact, one wouldn't

G=ab 2+a2b, expect the model to retain validity much beyond Q = 1, con-
we o a + bsidering the approximation implicit in Eqs. (17)-(19). How-

"" we obtain

A," S'(k) =( (GF- G'F ( (53) 600

and

S "(kj= 2 FPG -G'F ))-.(54) 55.o

ki-G + F)G - F) ,

% Substituting for F and G into Eq. (53), we obtain the lateral 4'
displacement of the reflected beam at or near the Rayleigh
angle. Since Fand G are functions of the frequency w,4, will 500

also depend on co in a manner that may be seen from Eq. (53).
In the absence of the layer (h = 0), Eq. (53) yields the results
that are reported by Schoch.2

For the special case when the beam is incident at the 45.0 0 o -

Rayleigh angle, 4 = k, + id, one finds that G (k,)j-0 and 0

Eq. (53) reduces to the form

d, = - S'(k,) = - 2iG'(k,)/F (k,). (55)
Employing the expressions for F and G in the above equa-
tion, we obtain, after some algebraic manipulations and FIG. 2. Displacement parameter over wavelength plotted as a function or

S r cthe dimensionless frequency-thickness product. Elastic constants are ap-
reductions, propriate for a copper layer on stainless steel.
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ever, the results seem fairly insensitive to the assumption of A. Sample preparation
constant displacement across the layer, although we have The specimens used in these measwements are 302

"' determined that the sensitivity can be strongly dependent on stainless steel electroplated with high-puritv copper. Both
the specific combination of properties of the layer and sub- surfaces of the stainless steel plates (50X 100< 10 mm) are
strate. In any case good agreement with experimental mea- machine ground to assure parallelism, then abrasively pol-
surements is observed up to Q- 1.5 (2h 1A t0.25), as we ished to a mirror finish. The side to be electroplated is pick-
show in Sec. IV. led and nickel-activated to achieve good adhesion of the cop-

With the above results the integral of Eq. (44) may now per layer. After electroplating,. the plated surface is also
be evaluated. Following the procedure outlined in earlier mirror smooth, occasionally interrupted by small pits ap-
work,"," the reflection coefficient in Eq. (30) is approximat- proximately 30 p m in diameter. Although the thickness of
ed by a truncated Laurent expansion about 4. = k, + ia, the deposited layer is carefully controlled in the deposition
keeping only the first term. In this way we consider the influ- process, a separate measurement of thickness is made to con-
ence of only the Rayleigh wave pole on the reflected field, firm the estimate of the electroplating. We cut into the speci-
and, correspondingly, the final result will be valid only when men at several places along its edges with a high-speed abra-
0, is at or near the Rayleigh angle. Since k, is constant, the g" sive cutter to a depth of 2 or 3 mm. The exposed surface is
dependence of 4' can be explicitly developed by a suitable chemically etched with a weak acid solution to remove any
expansion of terms in Eq. (28). After a change of variable, an traces of copper smeared during the cutting operation. Then
application of the convolution theorem, and a contour inte- each etched surface is examined with a cathetometer, and
gration around the upper half-plane, we obtain the final re- the copper layer thickness is measured. Variations in the
suit for the wave potential of the reflected field at the Ray- readings are less than 5%, indicating a uniform layer.
leigh angle To permit as detailed a comparison with theory as pos-

+ sible, ultrasonic velocity measurements of a representative
where the subscripts sp and 1w stand for specular and leaky steel sample have been undertaken. We find for the longitu-
wave, respectively. These two wave potential components of dinal wavespeed a value of 5.69 ± 0.02 km/sec, while the
the reflected field are given explicitly from the above analysis transverse wavespeed is 3.13 ± 0.01 km/sec. These results
by are within 0.5% of the quoted values for 302 stainless steel.' 4

A possible source of uncertainty is the wavespeeds of the
- . _z ru exp( copper layers. Careless electroplating can lead to porous or

V i a, cos0, spongy films. Microscopic examination of our samples has

X exp [ikf(x sin0 - z cos0j] (59) revealed no such problems. However, we have used litera-
and ture valuesS of 4.76 and 2.2 km/sec, where the transverse

wavespeed represents a 5% degradation of the value for bulk

0,. (xz) = - 20., [1 - i- a exp ( 2 )erfc(r)/4,], (60) copper at room temperature. The densities are 8.93 g/cm "

V i, a, for copper and 7.9 g/cm' for stainless steel.

where B. Apparatus
S--- a,/ , - x/a,, (61) Linear and angular transducer orientation is critical for

erfc(y) is the complementary error function, and a, is given accurate comparisons with the theoretical model. Precision
by Eq. (50) neglecting S (k,). It should be noted that apart linear positioning is accomplished through the use of trans-
from a generalization which includes the z dependence, Eqs. lation slides mounted to the automated bridge of an ultra-
(59) and (60) are identical to Bertoni and Tamir's" result. sonic inspection tank. Translational resolution of this sytem
This fact indicates that the modification of the reflected field is 0.02 mm. Angular alignment is performed by attaching 0-
due to the layer is contained entirely in the dispersive Ray-
leigh wavespeed c,, the displacement parameter 4, and the
dimensionless frequency Q. The model presented here com- TRANSMITTER RECEIVER
bines the new features that emerge in the layer case with
previous results to yield an accurate, yet analytic, expression• _ for the total reflected field.

3. III. EXPERIMENTAL PROCEDURE FLUID
3 LAYER

Experiments in support of the theoretical development SOLID
0. of the previous sections have been performed to test depen- N LW

dences on important parameters of the model. We have var-
ied the layer thickness, ultrasonic frequency, incident angle, FIG. 3. Schematic of leaky-wave experiment. Transmitter i fixed, while

..and transducer-interface separation distance in the course of receiver scans along x axis. Dashed lines in reflected field indicae specular
many measurements on several samples. For rapid data ac- reflection. Shaded regions contain most of the acoustic power. Null zone is
quisition and reduction an on-line computer is employed, denoted by N and leaky-wave reflected field by L W.
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- manipulators' 6 to the translation slides, and the trans- lated quantities. Since the transducer voltage is proportional
ducers are connected to the manipulators through short(5- to the particle displacement, let us express the rms acoustic
cm) search tubes. Approximately 0.10' is the limit of angular power per unit area in terms of the displacement
resolution. We measure the angles of incidence and refiec-
tion using a protractor with bubble level. The repeatability of Id 12 ,

the angular settings is very good, while the absolute angular where Id 12 = 1u12 + lwl 2.This relation demonstrates that

accur is no better than ± 0.25'. Care has been taken to the transducer signal is proportional to P ./2. From Eqs. (1)

ensw4 c that the transducer face is indeed perpendicular to the and (2)

stainless steel search tube on which the protractor rests. p. = jpCu.(l -;i 2 + i.,4;i2 + 14;12)
The transducers used in these experiments are either,1-_. = w,/2c)j)l 2.

,'_ ~ commercial wideband immersion-type transducers or spe-

cially designed Gaussian beam transducers. These latter are Therefore, 0 ;1 - P' / 2, and we obtain the following propor-
based on an earlier design' 7 and consist of circular quartz tionality between wave potentials in Eqs. (59) and (60) and

-' " plate resonators 2.5 cm in diameter with the water-side elec- the transducer signal

trode completely covering one face, while the other face has Ar (xz)V I¢p + 0,. I. (62)
a strip electrode either 6.4 or 3.6 mm in width. This configu- No attempt is made to compare absolute amplitudes, so the

% ration produces a beam whose amplitude distribution in the data are simply normalized by matching the maximum am-
transducer midplane, perpendicular to the strip electrode plitude of both curves. Third, uncertainty in the transducer-
accurately describes a Gaussian profile, as we have verified specimen separation makes absolute position determina-
in measurements at several frequencies. The Gaussian beam tions difficult, so we further operate on the data by shifting
is essential since it corresponds to the incident beam profile the entire curve by a constant so that, once again, the experi-
assumed in the theoretical model of the previous section. For mental and theoretical maxima have the same x coordinate.

. measurements to determine Rayleigh critical angles the Since A, is reflected in the detailed shape of the amplitude
wideband immersion transducers have proven more distribution curve, we lose no generality by this procedure.
accurate.

Instrumentation for our measurements is fairly stan- IV. RESULTS AND DISCUSSION
dard. All the data we present here have been collected by Measurements of the Rayleigh wavespeed in three dif-
exciting the transducers with long (50-100-l/sec) tone bursts, ferent samples as a function of Q( = 2hw/cs) are shown

which represent a quasi-cw excitation for which the theory is along with the theoretical prediction in Fig. 4. The quantity

valid. The rf signal is obtained from a stable, spectrally pure c is inferred by determining the Rayleigh angle with the

source. It is gated with a diode switch to produce tone bursts following procedure. We adjust transmitter and receiver in

that are amplified and applied to the transducer through an Fig. 3 to the same angle, then vary the receiver position and

impedance matching network. The received signal is boosted frequency until a an6solute minimum in the null region is

by a wideband preamp, then further amplified by a tuned achieved. Changing angles, the procedure is repeated. From

amp, and finally detected and filtered. The video signal is Eq. (56) the beam displacement parameter4a decreases with

processed with a gated, integrating amplifier whose aperture increasing frequency until the null region becomes indis-

may be set to a width somewhat exceeding that of the tone tinct. Measurements at higher Q values may then be accom-
''tict Meaurstnt at highe Qhre valun may tone best accnsieraio

• burst or much shorter than the tone burst. A consideration plished with a thicker layer. The three samples in Fig. 4 have
, here is that the time delay between the transmitter and re-

." ceiver signals is changing during the scan since the water 3.0
o CS 2 (Q14mm)

path is a function of receiver position. The choice ofaperture CS 3 (024 mm)

width depends on the type of transducer being employed. CS i (037MM)

For all measurements an independent calibration of the en- 2S.

tire receiver system is performed. This procedure corrects
for any nonlinearities in the gain of the amplifiers or video 26

detector. Data are acquired by fixing the position of the
transmitting transducer with respect to the sample and scan- -

2.4-
* ning the receiving transducer across the reflected field, as o

indicated in Fig. 3. At each point in the discrete scan, the
receiver comes to a complete halt, and the data point is read 22

directly into the memory of an on-line computer. Then the
receiver position is incremented automatically and the pro-
cess repeated. 2.0 2000 o 0 30 40

C. Data analysis 0

* Comparing the measurements with the theoretical
model of the previous section requires careful reduction of% tile data. First, we correct the measurements on the basis of FIG. 4. Surface wave phase velocity phtlcd vs frcquency-lhi :knc', prmu-

uct. Solid line is approximate theory, while experimental data poits for

the calibration mentioned earlier. Second, we need to deter- three samples correspond to symbols indicated on graph. Typical error bars

mine the proper relationship between measured and calcu- shown for a representative point.
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1.0- Cs I signal averaging and system calibration, experimental un-
.. 5 MIz certainty in the signal level is no larger than the plotting

symbols in this and subsequent curves.
The features of the reflected field indicated schemati-

08 0 c tally in Fig. 3 are apparent in a quantitative sense in Fig. 5.

First, near x = -- 1.0 cm, a precursor peak appears, due to

W 0 the coherent sum of 0, and h, from Eqs. (59) and (60). At
a 0.6 higher values of receiver position near x = 1.5 cm, a larger
I- displaced reflection is observed, which arises mostly from

0i 0 the leaky-wave term. Between the two peaks is the null re-ta
.04 0 0 gion where phase cancellation reduces the signal amplitude

o 0 0to near zero. Similar observations have been made in pre-
000 vious work. 9 From x = - 3.0 to 3.0 cm agreement be-

0.2 00% tween the data of Fig. 5 and the theoretical prediction is

1 00 relatively good. The precursor peak height and location of
° 0 0000 the null are fairly well predicted. Beyond x = 3.5 cm the0 00

00 0000 0 o experimental trailing field decreases more rapidly than pre-
-4.0 -2.0 0.0 20 4.0 60 8.0 dicted. This occurrence, noticed in several cases, is probably

POSITION (CM) due to the finite)' dimension of the Gaussian beam, which is
only 20 mm long. When compared to an acoustic path length

Fi6. 5 Reflected acoustic fielid amplitude plotted vs receiver Position for of 160 mm, the assumption of y-independent incident beam
sample CSI at 1.5 MH7. Points are experimential data and solid curve is
theory from Eq. (621. profile appears difficult to fulfill. We have determined the

incident acoustic beam half-width from measurements at
progressively increasing layer thicknesses, spanning the re- several frequencies with two transducers at varying separa-
gion from Q 0 to 3. A representative error bar indicates tions. The wide transducer (6.4 mm) is used for generation,
the uncertainty in the data points. Good overlap between the whereas the narrower one (3.6 mm) is the receiver. Inserting
data sets lends confidence to the measurements, but the thisestimate fora/2 into Eq. (50), weexamine the theoretical
theoretical curve begins to deviate seriously from the data at fit, adjusting a/2 by no more than 10% to achieve the best
about Q = 1.5. By Q = 3 this disparity has grown to 45% of effective width in light of the finitey extent of the transducer.
the range of c, (Q). The size of this deviation has led us to try Additional parameters used in the theory are summarized
to fit other theoretical results in the literature. From this for this and subsequent curves in Table I.
attempt we find that agreement between the approximate Figure 6 displays the amplitude distribution for sample
model presented here and more complicated exact results is CS2 for Q = 0.82. Here the solid-theory curve fits the data
strongly dependent on the specific material parameters of points somewhat better than the previous example, although
the substrate and layer. In particular as the ratio of sub- there is still a tendency for the measured field to decrease
strate-to-layer wavespeeds increases, so does the observed slightly more rapidly than the model calculation. In addi-
agreement. As mentioned earlier, however, the nature of the tion, we have plotted for comparison the reflected field of the
assumption suggests that some deviation beyond same beam at the same angle of incidence and frequency for a
Q = 1(2h /A-I0.2) is not unexpected. stainless steel sample with no layer present. Although the

The amplitude distribution curve for sample CSI at a layer is rather thin (2h/i _ 0. 15), the effect on the reflected
frequency of 1.5 MHz is shown as a function of receiver field is quite pronounced. The dashed curve, consisting of
position in Fig. 5. These datls are recorded by incrementing connected data points, indicates this field in Fig. 6. A small
the x coordinate of the receiver transducer with the trans- residual beam displacement remains since we are less than 2*
mitter in a fixed position as described earlier. The individual from the appropriate Rayleigh angle for the stainless steel
points are the experimental data, while the solid curve is the surface (30.80). Far from all critical angles, the only contribu-
theoretical result from Eqs. (59)-(62). In view of the disagree- tion to the expression in Eq. (62) is 0,,, and the undistorted
ment between the theoretical value ofc, (Q) and that inferred beam would be centered on x = 0.
from Rayleigh angle measurements, we have inserted the The reflected field of sample CS2 at Q = 0.41 is given in
experimentally derived c, into the expression for d, from Fig. 7. This frequency is half of the previous value, and the
Eq. (56) used to derive the theory curve of Fig. 5. Because of amplitude distribution is only slightly peiturbed from the

TABLE I. Experimental parameters.

Figure Sample 2h (mm) Freq.(MHz) Q O,(deg) :mm) a/2(mml

5 CS I 0.37 1.5 1. 33.6 94.0 10.0
em'. 6 CS 2 0.14 3.0 0.82 32.5 700 5 ()

6 S I 0.0 3.0 0.0 32.5 70.0 5 6
7 CS 2 0.14 1.5 0.41 31.5 70.0 'J

% CS 2 0.14 4.5 1.23 33.2 70) 90
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1.0 1.0 CS 2
CS 2 4.5 Hz

%~S I
30 MHz

08 0.8

w 0 L

C0 0.
CA 0

-04 o 04-

%~,,
0

02- 0.2o

0.0 0000.. 00

0.0

-2.0 0.0 2.0 40 60 8.0 -4.0 -2.0 0.0 2.0 4.0 so 8.0
POSITION (CM) POSITION (CM)

FIG. 6. Reflected acoustic field vs receiver position for sample CS2 at 3 FIG. 8. Reflected field amplitude vs receiver position. Data are plotted
MHz. Experimental data are plotted discretely, solid curve is theory, and discretely and solid curve is theory.
broken curve is experimental data for no-layer case.

Gaussian reflected beam, as predicted by Schoch2 and later
case for no layer where 9, equals the Rayleigh angle of the theoretically confirmed' for wide beams. Eventually, A,

steel substrate. Some disparity in both the precursor and goes to zero for very large aIA, and specular reflection

trailing field beam widths are evident again here. While the results.
null coordinate and precursor height are correctly predicted, Although the comparison between the experimental
the position of the precursor maximum is slightly displaced. data and the theory developed in Sec. II of this paper is rea-

Results at higher frequency with Q = 1.23 for the same sam- sonably satisfactory, some discrepancies do exist. These

pie are shown in Fig. 8. At an incident angle of 33.2 ° the have been cited in the presentation of the data as they have

precursor peak decreases significantly in amplitude. The appeared. Reviewing Figs. 5-8, we see that the most corn-

maximum of the leaky-wave peak has moved nearer to the mon difficulty occurs in the width of the reflected beam,

origin, and at very high frequency or when a/l> 1, the phe- particularly the leaky-wave and trailing-field portions. Since

nomenon approaches a simple displacement of the nearly the experimentally realizable transducer is not a very good
approximation to the two-dimensional beam assumed in the
theory, some disagreement may be expected. We have fur-
ther determined in the course of these measurements that

1.0 CS 2 transducer alignment is critical. The maximum sensitivity
1.5 MHz direction of both transducers must lie accurately in a plane

0perpendicular to the fluid-solid interface. This procedure en-
08 0 sures that y-axis sidelobes do not interfere with the signal

00T and that the receiver senses uniform, simultaneously arriv-
. 0 0 ing wavefronts.

:3 0.6- As a first-order theory for acoustic reflection at fluid-
_- 0 solid interfaces loaded by a thin layer, the model we present
-J o 0 0here is quite adequate, particularly in the region Q< 1. How-
2 04 0 0 0o ever, several shortcomings should be pointed out. The calcu-

0< t 0 lation of c, as a function of Q is prohibitively complicated.

0o Expanding Eq. (32) and collecting coefficients of powers of
% 0.2 0 the Rayleigh wavespeed reveals a characteristic equation

0 0 which is 40th order in c,. Instead of proceeding in this man-
00ner, we have solved Eq. (32) implicitly for c, by noting that

0.0 the equation is only second order in Q. The difficulty with
-40 -2.0 o 2.0 40 6.0 8.0 this method is that we know an exact complex solution for

POSITION (CM) Eq. (32) at only one value of Q, namely Q = 0. Developing a
functional dependence of Q(c,) for Q > 0 requires assump-

-' FIG 7. Reflected field amplitude vs receiver position. Data are plotted tions concerning the behavior of c, in the complex plane.
dicretely and solid curve is theory. Fortunately, we are aided at this point by the fact that
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Im(c,)/Re(c,)4 . implying that these a ssumptions do not se- giveit by D. L. Butler, R. D. Griswold, and K. D. Shimmin.
% riously affect the results. A more gencrul approach, howcv- The technical suplxrt of S. Pillman during sample prepara-

er. would be needed to eliminate this problem anod produce a lion is also greatly apprecialed.
, .g, result in better agreement with the data. Additional limita-

tions are the assumption of the Gaussian beam profile and
the intrinsic two-dimensionality of the analysis. The first of
these could be circumvented by evaluating the reflected field
numerically,"' but expanding the analysis to three dimen-
sions would be a very significant complication.

In conclusion, we have developed an approximate mod- 'T. Goos and H. Hinchen, Ann. Phys. 1. 333 (1947).

el for acoustic reflection at the Rayleigh angle from a fluid- 2A. Schoch, Acustica 2, 18 (1952).
s aehe'A. Schoch, Ergeb. Exakten Naturwiss. 23, 127 (1953).solid interface in the presence of a thin solid layer based, in 'W. G. Neubauer, J. Appl. Phys. 44, 48 (1973).part, on previous calculations.-"• " We have shown in detail 'W. G. Neubauer and L. R. Dragonette, J. AppI. Phys. 45, 618 (1974).
how key parameters in the model are derived and how the "0. 1. Diachok and W. G. Mayer, J. Acoust. Soc. Am. 47, 155 (1970).

presence of the layer modifies the calculation. At each stage, 'W. G. Neubauer, PhysicalAcoustics, edited by W. P. Mason and R. N.
Thurston (Academic, New York, 1973), Vol. X, pp.1 0 4 -125.

we examine the limiting behavior as the layer thickness van- 'It. L. Bcrtoni and T. Tamir, Appl. Phys. 2, 157 (1973).
ishes, and we show the results for the no-layer case are recov- M. A. Breazeale. L. Adler, and G. W. Scott, J. AppI. Phys. 48, 530(1977).
ered. In addition, we present experimental results on reflect- .'L. E. Pitts, T. J. Plona. and W. G. Mayer. IEEE Trans. Sonics Ultra%on.

ed field amplitudes of three samples of differing layer SU-24. 101 (1977); T. D. K. Ngoc and W. G. Mayer, IEEE Trans. Sonics

thicknesses and at values of the dimensionless frequency Q "l. AA.Viktorv, Rayleigh andLamh Watr(IPerum, New York 1967).

from 0.41 to 1.23. Comparison between the experimental "L. M. Brckhovskikh, Waves in Layered Media lAcademic, New York,

data and our model indicates reasonably good agreement 196,. 100-122.
Iover this range of Q" T. Tamir and H. L. Bertoni, .Opt. Soc. Am. 61, 1397 (1971).
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LEAKY RAYLEIGH WAVES AT A LAYERED HALFSPACE-FLUID INTERFACE
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ABSTRACT specular reflection, while the components of the

Experimental and theoretical results on the leaky-wave field are represented as shaded regions.

nonspecular reflection of finite acoustic beams A weak trailing field caused by the decaying

incident at and near the Rayleigh angle onto a
fluid-solid interface in contact with an elastic surface wave persists beyond the leaky-wave maximum
layer are presented. Measurements with Gaussian- for several attenuation lengths.
shaped acoustic beams have been performed on the
reflected field amplitude distribution and
surface wavespeed dispersion for loading and TRANSMITTER RECEIVER
stiffening layers where the fluid medium is
water, It is shown that existing theory can be
utilized to explain the results by constructing
and solving boundary condition equations for the /

Rayleigh wave pole appropriate for the lossless
layered half-space with the fluid. Good agree- 7
ment with the exact treatment is observed in most / /i.
aspects of the measurements. In the model calcu- F /
lation the imaginary part of the Rayleigh wave LAYER
pole is found to display an unexpected maximum -
at a value of laver thickness over wavelength SOLID

where the real part corresponds nearly to the N LW

transverse wavespeed in the layer.

INTRODUCTION

Nonspecular reflection of finite-aperture Figure I - Leaky-Wave Schematic. Shaded Regionsv Contain Most of the Power. The Null
acousti( beams at a liquid-solid interface occurs on e i s , L the e ak ae .

Zone is N, and LW is the Leaky Wave.

when incidence at or near the Rayleigh critical

angle 0 (- Sin c-/cl ) favors the generation This problem has been invest~gsted fairly
r f/r

of surface waves at the interface. Rapid reradia- extensively, both experimentally
1- 7 

and theor-

tion of the suface-wave energy into the liquid etically 6-8for reflection at the interface of a

results in a lateral shift of part of the reflected liquid and homogeneous solid. The additional

beam and leads to a redistribution of acoustic complication we consider here consists of a solid,

amplitude in the reflected field. The distortion elastic layer of differing material in welded

of the reflected beam is generally manifested as contact to the solid. It has been shown that in

a bimodal amplitude distribution consisting of a the presence of a layer the Rayleigh wave velocity

the superposition of the specular component and is dispersive, varying as the ratio of acoustic

the leaky wave with its trailing field. If wavelength to layer thickness. While the additional

conditions permit, a zone near the center of the effect of the liquid only slightly perturbs the

distribution develops where the amplitude is Rayleigh velocity on the composite solid, the

suddenly very small, due to phase cancellation of damping portion of the wavevector is strongly

the component fields. The situation is illus- dependent on the presence of the liquid and is also

trated in Fig. 1. The dashed lines indicate the dispersive. We demonstrate that the approximate
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8
analysis ,arried out previhisly for the homogen- parameter defined by Schoch are obtained immediaely.
eoue solid can be- extended to include the ,a;e r r ui/Re (p ) (3a)

r p

of the layer.d tolid by molving the expiluded - 2/I ((1) (fb)

L|I:cIr.Ler i|t ic equ;t Ion I or the kd-1l'pendelt. p
where C is the Rayleigh wave pole. With thisRayleigh wave pole. Experimental measurements p

atuhuinformation the theoretical model of Bertoni and
are presented in conjunction with the calculations. 8

Tamir can be extended to include the case of

Theoretical Summary layered substrate. The variation of Ep as a function

of Q(=k td) in the complex plane is shown in

The plan here is to express the acoustic Fig. 2. At intervals of 0.5 a plotting symbol

waves in the three media, solid, layer and appears, indicating the relative rate of change of Cp
waves in the threei monstant solioye layer anre

liquid, by their wave potentials combined with with Q. The elastic constants employed here are

the appropriate phase factors. Requiring the appropriate for a copper layer on stainless steel.

v pFor the loading layer the Rayleigh wavespeed of the* wave potentials to satisfy plane-strain boundary

conditions leads to a system of linear equations composite structure decreases monotonically from Q-0

for the wave potentials in terms of the frequency, to Q>>I, where the plotting symbols cluster as

layer thickness, and material properties of the minimal further change occurs. A maximum in the

three media. The formal solutions are of the attenuation occurs near Q-2.2, at which point Im (Cp)

form: is significantly larger than the values at either of

C ¢sl exp( (i z + irn) (Ia) the limiting points of Q. This non-monotonic aspect

of the leaky Rayleigh wave attenuation is absent
'S . al exp (i to z + in) (lb), from our earlier approximate model.

6 
An interesting

where * and * are amplitudes of the longitudinal

and transverse waves, respectively. Subscripts 006 -

I and 2 refer to incident and reflected waves.

The wavevector components are given by

- (k2  2 (2a)

k 8 - (a/c ), (2b)

where a - t,t for longitudinal and transverse 004

components and 0 = f,o,s for fluid, layer, and

solid, respectively. The circular frequency is a,
z

c is the appropriate acoustic bulk velocity,

and n - Cx - wt. The invariant x component of

the wavevector is C - kf sin e, where e is the 0.02

Incident angle. Combining (1) with the usual

boundary conditions imposed on the displacements

and stresses yields a seventh order system of

equations. The characteristic equation is

solved by a Newton-Raphson method. To insure that 000

it iterates to the desired root, the routine is 2 2.2 2.4 2.6 2.8 3

REAL
seeded with an approximate solution of a simpler

case, the one for which the density of the

liquid vanishes. Once the root is found, the Figure 2 - Rayleigh Wave Pole Loci vs Q for Copper
on Stainless Steel.

Rayleigh wavespeed and the beam displacement
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correlation exists between the occurrence of the Results and Discussion

maximum in Im(Cp ) and the transverse wavespeed

of the substrate. At Im(p)max the real part of Since the analytical model we have employed in

the wavevector assumes the value of Re(p )- u/c part of our calculations assumes a Gaussian distri-
.i.p ts*
The limitlin points of lmQ( ) in both models, bution for the incident beam profile, we use specially

p
however, correspond to the values appropriate designed transducer elements which approximate the

for the substrate and layer materials alone, two dimensional profile of the calculation. Samples

For a layer having stiffer elastic constants used in this study are stainless steel plated with

than the substrate, the situation changes. Only either copper or chromium. The elastic constants

a single surface-wave mode is present, and its used in this model are: cs 5.69km/s, cts = 3.1,

wavespeed is limited by the transverse wavespeed Ps = 7.9, c to - 4.76, cto " 2.3, - 8.9 (copper),

of the substrate, as described by others.
9
,1

0  
c 6.6, c t 4.0, Po - 7.2 (chromium). FurtherC~o Cto

=

Figure 3 gives the variation of & as Q changes details concerning the experimental arrangement are

from zero at the upper right to 1.8 at the given elsewhere.
6

lower left. The range of c is restricted to
r 3.2

less than 10% of cts , while lm( ) decreases
p

toward zero as the cutoff value of Q is approached. o Exp

The implication from Eq. (3b) is that the beam - Theory

displacement parameter As increases rapidly near
s

the cutoff, and this behavior strongly influences

the reflected field amplitude.
U

C 4 L(i)

:,, I

0

2 9 - 0 0

22

, //°2.8-

0

Figure 4 - Rayleigh Wavespeed vs Q for Chromium on
Stainless Steel.

The dispersion of the phase velocity for a

chromium layer on stainless steel is given in Fig.

4. Several samples of differing layer thickness

2 2.2 allow the entire range of Q to be covered. The

REAL trend of the data is fairly well represented by the

theoretical curve.. At the predicted cutoff, how-
Figure 3 - Rayleigh Wave Pole Loci vs Q for ever, the observed behavior deviates from the model.

Chromium on Stainless Steel.
Instead of extinguishing sharply at the value of Q

corresponding to cr - 2.1km/s, a leaky wave persists

up to about 130% of this cutoff Q, probably due to

the finite angular spread of the measuring beam.
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The theoretical curve of Fig. 4 is, of course,

derived from the plane-wave reflecticn coefficient.

Figure 5 gives an example of the reflected field I p
amplitude distribution for a chromium layer on
stainless steel. The frequency Is 5.5 MHz and

the angle of incidence is 290. With a layer

thickness of 0.135 mm, the corresponding value W

of Q is 1.51. For x>2 cm, the predicted leaky

wave appears much stronger than the measured -j 99. I

amplitude. Closer to the cutoff angle, the beam

displacement parameter increases quickly, as

inferred from Fig. 3, and the leaky-wave peak

stretches out and decreases in amplitude, even- t 4
tually leaving all the power in the specular . ;'

component. - -. . 4-4 -2 . 2 4

POSITION (CM)

t * Exp

Theory Figure 6 - Reflected Amplitude Distribution for

/ "\ Copper Layer.
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Experimental and theoretical results on the nonspecular reflection of finite acoustic beams
incident at and near the Rayleigh angle onto a fluid-solid interface loaded by an elastic layer are
presented. Measurements with Gaussian-shaped acoustic beams have been performed on the
reflected field amplitude distribution and surface wave speed dispersion in copper-loaded

[., stainless-steel specimens where the fluid medium is water. It is shown that existing theory can be
utilized to explain the results by constructing and solving boundary condition equations for the
Rayleigh wave pole appropriate for the lossless layered halfspace with the fluid. Excellent
agreement with the exact treatment is observed in most aspects of the measurements. In the model
calculation the imaginary part of the Rayleigh wave pole is found to display an unexpected
maximum at a value of layer thickness over wavelength where the real part corresponds nearly to
the transverse wave speed in the layer.

PACS numbers: 43.20.Fn, 43.30.Dr, 62.30. + d

I. INTRODUCTION The current paper presents an exact model calculation,%'

Investigation of reflection phenomena of bounded supported by experimental measurements, of bounded-"N Invstgaio oflcto refromo phnmn flidsoi intrfcelodeeda

, " acoustic beams incident upon a fluid-solid interface at or beam reflection from a fluid-solid interface loaded by an

near the Rayleigh angle has received considerable atten- elastic layer of any thickness. We combine elements of both

lion.' '" Experimental demonstrations have indicated the an approximate model' and an exact calculation to yield an
possible utility of these Rayleigh-angle phenomena in the accurate result for the reflected field of a finite-aperture
detection of surface" or subsurface"7 defects. Since practical beam. Our result is valid for any value of the layer-thickness-
inspection situations might also include the presence of an to-wavelength ratio, subject to the provision that the acous-

., elastic layer of dissimilar material bonded to the solid, analy- tic absorption in the elastic materials is small. The approach

sis of this problem is of some interest. The phenomenon con- consists of setting up the usual simultaneous equations de-

sists of resonant energy transfer between the longitudinal rived from the continuity conditions for the reflected field,
wave in the liquid and a Rayleigh-type wave on the solid- then locating the leaky Rayleigh wave singularity in the

liquid interface. At the Rayleigh angle 0,, wave fronts of the plane of the complex wave vector by numerical methods.

incident longitudinal wave propagate along the interface at Once the pole coordinates are known to sufficient accuracy,
the surface wave speed strongly exciting a surface wave. This the analysis proceeds along the lines of previous approxi-
surface excitation differs from a classical Rayleigh wave in mate calculations,5 yielding the amplitude distribution of

that it is effectively damped at about 0.5 dB/wavelength by the reflected acoustic field. We have verified the accuracy of
the presence of the liquid through an inverse process to the these results by direct numerical evaluation " " of the Four-

one described above, the energy reappearing in the liquid. ier integral corresponding to the reflected field. Since a fin-
Since the energy "leaks" into the fluid, the excitation has ite-aperture beam can be represented by a superposition of
been termed a "leaky" wave. The result, depending on the plane waves, the spectral components of the reflected field
exact values of the beam diameter and wavelength, is an are given by the product of the k-dependent reflection coeffi-

apparent shift and distortion of the reflected field of a finite- cient and the Fourier-transformed incident beam. The real-
* apeiture acoustic beam. The addition of an elastic layer space reflected amplitude distribution is then the inverse

changes the propagation characteristics of the Rayleigh transform of that product. This representation of the reflect-
wave. We have recently undertaken a model calculation" of ed acoustic field forms the basis of most of the calculations,

4' the reflected field of a bounded beam for the special case of a exact or approximate, which have been performed on this
thin layer. In that paper it is shown that for ratios of the layer problem and constitutes the Fourier integral mentionedpape

thickness to the Rayleigh wavelength larger than 0.3, signifi- above. Although numerical evaluation of this integral is at-
" cant disparity between the approximate theory and experi- tractive because it permits the consideration of a variety of

mental measurements is observed, beam profiles, we have not used it extensively. Its disadvan-
tages are its numerical complication and the tendency ofr~i computer algorithms to conceal the role of the various pa-

"Consultant. Permanent address: Dept of Aerospace Engineering and Ap- rameter ingdetm th refle roperis
plied Mechanics, University of Cincinnati, Cincinnati, Ohio 45221. rameters in determining the reflection properties.

"Present address: EDS Nuclear, Inc., Norcross, Georgia. In measurements of the Rayleigh wave speed we find
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2  a2 + (4)

FLUID Here u and w arc the x and z components of the particle
displacment, and A and /L are the Lame constants which are

LAYER related to the longitudinal and transverse wave speeds
T =-x through

SUOSTRATE

C'=(, 2,/, (5)

wherep is the mass density. Illowing our notation, solu-
,' '.tions of the field equations must satisfy the interfacial con-
?"" tinuity conditions

u. = u., W, = = , o,,,, = o, at z =0,
FIG. i. Coordinate geometry (6)

W. =Wf, a. =a ,,, o, =0 at z = d. (7)

excellent agreement, within experimental uncertainty, with The reflection coefficient for an acoustic wave incident
theoretical results for this quantity deduced from the behav- from the fluid onto the layer is determined by solving the
ior of the reflection coefficient in the complex plane. Our boundary condition equations which result from substitu-
measurements extend over a range of frequency from 1.5-6.0 tion of the formal wave-potential solutions into Eqs. (6) and
MHz and layer thickness of 0.14-0.37 mm. Good agree- (7). These formal solutions for the incident and reflected
ment is also observed in comparisons of measured and calcu- wave potentials in all three media are
lated acoustic amplitude distributions in the reflected field,

., both near and at the Rayleigh angle. Section Il covers the 0, = exp (i.,/,z + iql) (8a)
derivation of essential theoretical expressions, a summary of P . exp (i ',, + z 4- iv) (8b)
the experimental technique is given in Sec. IIl, and we pre-
sent our results and analysis in Sec. IV. 0 , cxp (i4,.z + IV) , exp - i4,z + iVfl (9a)

PI, = 0b,I exp (i ,.,z + ihl) -+ o. exp - (i ,.z + iVl) (9b)

II. THEORY Of = Of, exp [igz + d) + iV]
i'-' + Ofr exp [ -i ,(z + d) + i],(10)

Let us postulate an elastic layer of thickness d overlay- where o6 and 0b are unknown amplitudes, and the subscripts I

ing and in welded contact with an elastic halfspace of differ- and 2 refer to incident and reflected waves, respectively. The
ing material. Also in contact with the elastic layer is a semi- wave vector components are given by
infinite fluid medium, as shown in Fig. 1. The coordinate
system is chosen with the layer-substrate interface in the x-y (k ,, ".)1/2,
plane. Therefore, the substrate extends from 0 < z < o, the (1I)
layer from - d<z<O, and the fluid from - o <z < - d.
We establish the convention that the field variables and , /
properties of the fluid, layer, and substrate will be identified wherea I tand, =f o, s;, isthecircularfrequency, and
with the subscriptsf, o, and s, respectively. The analysis is y = x - wt. The invariant x component of the wavevector

.. limited to two dimensions by assuming that all particle mo- is just
*tion is confined to the x-z plane.

For each of the media, the potential functions 0 and VI' = kf sin 0,
are introduced, corresponding to longitudinal and trans-
verse wave motion, respectively. Formal solutions of the
field equations are combined with the proper interfacial con- no biith cncernin ocidence. For the fluid there can be. .no ambiguity concerning mode, so the wave properties are

"' tinuity conditions to yield boundary condition equations denoted by a single subscript. Substituting from Eqs. (81-- 10)
which are solved for the amplitudes of the wave potentials. into Eqs. (I H4) and applying the interfacial continuity con-
The potential functions 0 and P' are related to the particle ditions [Eqs. (6j and (7)] we obtain, after some algebraic re-
.displacements and stresses by ductions, the following system of lineat equations rsee Eq.

(13)] where
U = (0o 1x) - (O1 l1z), (1)

w = (do /dz) + (8i1x) (2)
820 0 8Pw = ewd/c, =Qc,,1c,; ie., Q = oIc,, (12)

' 02,q 02'0 a ,

(A + 4*) W-Z7 + A - + -( =+U0 /6(,.
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4-.,

1 0 2.4,o 0 0

0 0 1 -o -1 0

,M - )t 0 - , 0 (I0

sin- Cs )/2 - i)/2 0 0 0

:4 i X sin,,€, X os W.-I.,,, . --

- -,,( - I) -2i,o cos f,o 2. , sin a , 0 0
p2."' x cos #-i, x sin W'-io

.- sin , cos -sin 14 W cos 0 0

0

0

0
.02 (13)

i r , + 0,,

-" x b,, ,,= o

2 P

Here, c, is the dispersive Rayleigh wave speed, andjt, is fluid present. However, information on the beam displace-
the shear modulus of the substrate. The reflection coefficient ment parameter A, is contained in the imaginary part of the
is defined as the ratio of the reflected wave amplitude in the wave vector, and so long aspf = 0, the solution of det
fluid to the incident amplitude, A ' = 0 for the lowest surface wave mode will be entirely

R O2f/011 (14) real. The reflection coefficient exhibits a singularity in the
complex plane corresponding to the generation of Rayleigh

As an initial condition we set ,-, = I and solve for of2 in Eq. waves at the fluid-solid interface. Solving the general equa-
* i. (13) by Cramer's Rule. If the layer thickness vanishes, we

recover the reflection coefficient of a simple fluid-solid inter- .
face. " Similar calculations of the dispersive Rayleigh wave- ,

speed in the absence of the fluid are given by Achenbach and
Keshava w' and Farnell and Adler. 2' The case of a fluid-solid
interface with no layer is treated in detail by Mott, 22 and
Auld" - gives a perturbation solution for this case.

The Rayleigh wave speed c, and the beam displacement 0.5 R IMAG
parameter 4, can now be determined by examining the be-

* havior ofR ( ") in the complex plane. Expressing the determi- -
nants in the solution of Eq. (13) by their Laplace expansions Y

,. on the seventh column, we obtain I,-

.R= det0.,2/detA (15) 0.04
.OL 41.0 4AI.5 4 .05

"' d-tA' +p,c} det A ' -

4-4-". pc' o det A "- pfcf' det A 6-7 '

where det A is the determinant of the coefficients in Eq. (13),
/ . and det 0f2 is the Cramer's Rule substitution of the vector -0.5

on the right-hand side of Eq. (13) into the column corre-
4 sponding to Of2. The notation det A 'J indicates the minor of
O, order n reduced from the (iQ) element of A. A Rayleigh wave

exists when the denominator in Eq. (15) vanishes. If there is
no fluid present (p- = 0), the condition det A = 0 reduces to "
det A6" = 0 by inspection of Eq. (13). -1.0

Th,: latter condition yields a wave speed which differs FIG. 2. Real and imaginary parts ofthe reflection coefficient as a function of
'% ~ very little (-0. 1%) from the more general solution with the incident angle for a layered substrate where Q = 3.
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tion is equivlcntto findingthisRayleigh-wavepole. Intheir moves very little, indicating that the layer doninatc the
analysis Bertoni and Tamir' develop the reflection coefli- elastic behavior of the leaky Rayleigh wave past this point.
cient in a Laurent expansion, keeping only the most signifi- Another interesting feature is that the attenuation reaches a
cant term. We have used the implied analyticity of R in the maximum near Q - 2.2, which is significantly larger than
vicinity of the pole to employ a Newton-Raphson technique, the value at either of the limiting points of Q. Thereafter ni
generalized for functions of a complex variable, to hcate C4,,) decreases to the value appropriate for the layer material
numerically the appropriate zero of det A in the complex " alone. This nonmonotonic aspect of the reflection coefficient
plane. The Newton-Raphson routine is seeded with an ap- is absent from the approximate niodel " and appears only in
proximate solution of det A . = 0, which insures rapid con- the exact treatment.
vergence to the desired root. Figure 2 demonstrates the rapid From the result of the numerical procedures to find the
variation in the real and imaginary parts of R ( ) along the Rayleigh wave pole4,,, we obtain the Rayleigh wave speed c,
real '-axis near the Rayleigh angle. Since IR = 1, this vari- and the beam displacement parameter 4,,
ation implies a rapid change in the phase angle of the reflect- c07a)
ed wave, and this phase reversal manifests itself under suit-
able conditions as a null region observed in the reflected , = 2/rIm( p). H 7b)

field-amplitude distribution. The latter definition follows from Schoch's original analysis
The loci of 'p in the complex plane is shown in Fig. 3. of the problem.' These two quantities in Eq. (17) together

To isolate the effect of the layer, the frequency is separately with the beam width at the interface and the interface-to-
held constant. With this constraint the pole coordinates dis- receiver distance completely specify the solution, as given by
play a 50% variation in Re( r ) and a 200% excursion in Bertoni and Tamir.' Although their analysis is approximate
lm( ,,) as the dimensionless parameter Q progresses from and rests on an assumption concerning the acoustic beam
Q = ) to Q =- 6. Re and Im refer to real and imaginary parts, profile, it is rather accurate, as we have verified by direct
respectively. Each interval of 0.6 in Q isdenoted on thecurve numerical evaluation of the reflected-field integral. More-
in Fig. 3 by a plotting symbol. From these, a qualitative esti- over, it has the advantage of being a closed-form expression.
mate of the speed of variation of pole coordinates as a func- Figure 4 shows the displacement parameter A, normal-
tion of Q can be made. The most rapid change appears to ized by the acoustic wavelength in the fluid as a function of
occur between Q = 1.2 and Q - 1.8, and it would be in this Q. The elastic constants are appropriate for copper on stain-
regime where the reflected field is most sensitive to differ- less steel. 24 The quantity A/) is not explicitly frequency
ences in film thickness. As Q increases beyond 3, the pole dependent and would be a constant at all frequency if the

layer were absent. The strong dependence of A, 1A on Q,

0.10 particularly between Q = 0 and Q = 2, indicates the sub-

0 0 - 0.6n 60

~0.08

50

0.06 40

- 30 -

0.04

20

0.02

% 
10

%'

-o4o

0.001
2.0 2.2 2A 2.6 2.8 3.0

e ~REAL C ...01. .. Ii,
--- C0 I 2 3 4 5 6

FIG. 3. Calculated Rayleigh wave pole trajectory in the complex 4" plane as 0
a function of Q. Plotting symbols are placed at integral multiples ofQ = 0.6 FIG. 4. Beam displacement parameter normalized by acoustic wavelength
from Q = 0 to 6.0. Relative rate of change of4, aa a function ofQ is indicat- in the fluid as a function of Q, as calculated from Eq. (17b). Minimum
ed by the spacing between plotting symbols. approximately coincides in Q with c,(Q ) = c,,.
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stantial effect of the layer on the leaky wave. Within this cates the Rayleigh angle. Further experimental details are
. range the film thickness increases from d = 0 to d-0.3A,. given in Sec. III. Within the error limits indicated in Fig. 5
, For Q = 0 or Q> 1, A, assumes limiting values correspond- agreement with the theoretical model is quite good from

ing respectively to a halfspace of the substrate material alone Q = 0 to Q = 3, where the Rayleigh wave speed has nearly
or the layer material alone, as calculated from Schoch's ex- reached the asymptotic value appropriate for the elastic
pression.' The minimum in 4,/A observed near Q = 2.2 properties of the layer. Similar results for samples of cadmi-
mirrors the corresponding feature from Fig. 3. Some insight um and zinc on iron have been observed by Luukala and
into the origin of the minimum may be achieved by consider- Hattunen24"2 using a slightly different, but related, tech-
ing the value of c, at which it occurs. Front Fig. 3 it is seen nique. Their analysis follows along the lines of other theo-
that the extrenmum in lm( P) corresponds to a Rayleigh wave retical treatments, 20 ' where the effect of the fluid has been
speed within 1% of the transverse wave speed of the layer. If neglected. In that case the lowest order Rayleigh wave singu-
c,,, is allowed to vary in the calculation, the value of c, corre- larity will fall on the real axis, as indicated earlier, and, there-

.,* sponding to the extremum in lm(.,,) follows the layer trans- fore, the beam displacement parameter in the fluid cannot be
verse wave speed fairly accurately. Another way to state this found by this calculation.

-. is that the Rayleigh angle at the critical value of Q very near-
ly equals the critical angle for transverse wave propagation III EXPERIMENTAL DETAILS
in the layer material. This transverse wave cannot have a net
energy fltux in the positive z direction since the transverse Dependence of the important parameters in the theo-
wave speed of the substrate is larger than c, at Q = 0. While retical model have been examined by performing a series of
we can suggest no specific mechanism to explain the maxi- experiments on several samples of stainless steel loaded by a
mum of lm( P), the correlation with c,,, is probably layer of copper. The copper is electrodeposited onto the pol-
significant. ished stainless-steel substrate material to a controlled thick-

. The real part of the Rayleigh wave pole contains the ness, which is checked independently after deposition by use
* dispersive propagation constant, as indicated in Eq. (17a). of an optical cathetometer. We have measured the ultrasonic

The value of the calculated Rayleigh wave speed as a func- velocities of the substrate material and found the values to be
tion of Q is shown in Fig. 5 together with the experimental within 0.5% of the established results for 302 stainless
results on three samples of copper-coated stainless steel. Dif- steel. " The values of the remaining physical constants used
ferent film thicknesses are denoted by different plotting sym- in the calculations are recorded in Ref. 27.
bols. Data are collected by searching for the characteristic The apparatus we employ in these measurements con-
mininmui'" in the reflected field distribution which indi- sists of an x-y bridge supported over an ultrasonic inspection

tank. This system is capable of precision linear positioning
__0 and automated, computer-controlled stepping. The transla-

0 0.14mm tional resolution of our bridge is 0.02 mm. Angular adjust-
a 0.24mm ment is achieved with two-angle manipulators attached to

the translation frame. These permit a resolution of 0. 1,
0 + -. 3'mm while the absolute accuracy is ± 0.25*.

2.e 0 Since the theoretical model" we utilize to fit the ampli-
,0 tude distribution curves of the next section is based on the

,1. Ao assumption that the incident acoustic beam has a Gaussian
profile, we have employed specially configured transducers

2.6 designed to fulfill this requirement. They are based on an
w) earlier design2 and consist of circular quartz plate resona-
Z tors 25 mm in diameter with the fluid-side electrode com-

- pletely covering one face, while the other face has a strip
2.4 electrode 6.4 mm in width. This arrangement produces an

acoustic beam whose amplitude distribution in the trans-
ducer midplane, perpendicular to the strip electrode accu-
rately describes a Gaussian curve.

Data collection in these experiments has been accom-
2.2".plished by e.-iting the Gaussian-beam transducers with

-. long (50-100,usec) tone bursts which represent a good ap-
proximation to cw excitation. A continuous rf signal source
is gated with a diode switch to produce tone bursts that are

2. ...0.......... applied to a linear power amplifier, then sent through an
0 I 3 3 4 5 6 impedance matching network to the transducer. A low-

0 noise, wideband preamp on the detection side following a
b' _.second matching network enables the signal to drive a long

FIG. 5. Rayleigh wavespeed vs Q for different thicknesses of copper on
, stainless steel, indicated on figure. Experimental uncertainty is denoted by coax line to a tuned amplifier and video detector. The detec-

the sample error bars. Solid curve is model calculation from Eq. (17a). tor output is smoothed by centering the aperture (5 psec in
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duration) of a gated integrator on the received signal, using

P. an integration time constant of about 0.5 sec. The sensitivity
. of this system is about 100 nV, although this level of sensitiv-

ity is seldom needed. An independent calibration of the sys-
tem after each measurement insures that nonlinearities in
the amplifiers or video detector can be compensated for in
the data reduction.

The amplitude distribution curves are acquired by fix- 0.60

ing the position of the transmitter with respect to the sample 0 0

and scanning the receiver stepwise across the reflected field I
parallel to the sample surface. In comparisons between ex- 0.4 - 0

, perimental and theoretical amplitude distributions the x co- o
ordinates of the curve maxima have been chosen to be equal. 0

This procedure simplifies the measurements and does not 0.2

seriously affect a critical comparison between experiment 0

and theory, since the displacement parameter also influences
the shape of the distribution. In addition, we perform rela- o.o ...
tive measurements and therefore constrain the magnitude of -4 -2 0 2 4 6 a

POSITION (CM)
the distributions to be equal at a single point, usually the
absolute maximum corresponding to the leaky wave peak. A FIG. 7. Reflected field amplitude distribution as a function of receiver posi-

% more complete description of the experimental technique tion at 2.5 MHz and 02 below 0,. Layer thickness is 0.14 mm, and
can be found elsewhere. 5  Q = 0.68. Solid curve is theory, and open circles are data.

* direction across the reflected field. The receiver is halted at
. IV. RESULTS each point in the scan so that the response time of the gated

The reflected acoustic field amplitude distribution for a integrator does not affect the amplitude. From Fig. 6 we see
2.5-MHz bounded beam incident on a steel substrate loaded that agreement between the model calculation and the ex-
by a copper layer is shown in Fig. 6. Experimental points are periment is rather good. The shapes of the displaced leaky-
indicated )y the open circles, and the solid curve is the model wave beam and the remnant specular reflection to the left of
calculation. Data are collected by fixing the position of the x = 0 are both accurately reproduced by the theory. In addi-

.- transmitting transducer and scanning the receiver in the x tion, the model predicts the relative peak heights and separa-
tion to within experimental uncertainty, represented by the
size of the plotting symbols. Some disparity, however, can be
noted in the tails of the distribution, where diffraction ef-
fects, perhaps caused by the finite y extent of the transducer
together with a small misalignment, appear in the data. Also,
the degree ofcancellation of the specular reflection and leaky

0.6 wave in antiphase near x = 0 predicted by the model is less
- :,. than that observed experimentally. For the data of Fig. 6, the

. dimensionless parameter Q is 1.86 (A,,/d = 2.6), close to the

point of maximum attenuation from Fig. 4. The fact that our
0.6 model, augmented by the calculation along the lines of Ber.

toni and Tamir,' accurately predicts most features of the
_ -data at a midrange value of Q tends to confirm the validity of
0. this approach.

0.4 Figure 7 shows the results for a different sample of cop-
per-loaded stainless steel, where the beam is not incident at

0 the Rayleigh angle, and Q = 0.68. Away from the Rayleigh
0 angle, coupling to the leaky wave weakens, and the two com-

0.2 ponents of the reflected field are more nearly equal. Still
farther from 0,, the peaks would merge into one, which0 would then be Gaussian in shape and centered on x = 0.

0. Reasonably good agreement is evidenced in the data of Fig.
-4 -2 0 2 4 6 7, particularly in the nodeling of the relative peak ampli-

POSITION (CM) tudes, their separation, and the depth of the null. Experi-
mentally, the angle of incidence is 0.5' ± 0. IV5 below the

FIG. 6. Reflected field amplitude distribution as a function of receiver posi- Rayleigh angle, whereas the best fit to the data occurs at a
.4 tion at a frequency of 2.5 MHz and an incident angle of 37.5". Layer thick- value of 0, - 0, of approximately 0.2'. Either the measured

4. ness is 0.37 mm, and Q = 1.86. Solid curve is theoretical prediction, and
open circles are data. angle is in error, or the theory overestimates the change in
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o.0.050 In conclusion, we have presented experimental mea-

surements with finite Gaussian acoustic beams of the reflect-
ed field-amplitude distribution for water-steel interfaces

0.045 loaded with a copper layer of various thicknesses. We have
shown that it is possible to utilize an existing theoretical
model' to explain our results by constructing and solving
suitable boundary condition equations for the Rayleigh

0.040 wave pole which is appropriate for the layered substrate with
the fluid. Excellent agreement with our exact treatment is

"% observed in most aspects of the measurements, at and near
0.3 the Rayleigh angle, of the reflected acoustic field distribu-z 0.035

tion and of the Rayleigh wave speed dispersion as a function
2 a of layer thickness over the acoustic wavelength. In the model

calculation the imaginary part of the Rayleigh wave pole is
0.030 - found to display an unexpected maximum at a value of Q

where the real part of gp corresponds nearly to the transverse
wave speed in the layer.

0.025 0 co2+.n Sm/see
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Reflection of finite acoustic beams from loaded and stiffened
half-spaces
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Results of theoretical calculations and experimental measurements on the reflection of finite
acoustic beams from a fluid-solid interace in the presence of a loading or stiffening layer on the

"-, - solid are presented. Measurements with Gaussian-profile acoustic beams are reported on wave-
speed dispersion and reflected-beam amplitude distribution for stiffening layers of chromium on
either brass or stainless steel. Good agreement is generally observed. Detailed results of
calculations of the reflection coefficient to delineate the behavior of cutoff modes for both
stiffened and loaded half-spaces are given. A straightforward method for deducing the complex
Rayleigh wavenumber directly from the reflection coefficient is discussed. Comparisons between
direct numerical integration of the reflected beam distribution and results of an extended
analytical model demonstrate decreasing accuracy of the latter as one nears a mode cutoff.

PACS numbers: 43.20.Fn, 68.25. +j, 43.20.Bi

INTRODUCTION power contained in the shaded regions. The suppressed'-" specular reflection is indicated by the dashed lines.
The lateral displacement and associated distortion of a

finite-aperture acoustic wave incident from a fluid onto a In two recent papers', we analyzed, both analytically
fluid-solid interface at or near the Rayleigh critical angle is a and experimentally, the reflected waves from liquid-solid

pheromenon which has received considerable attention re- interfaces separated by layers of different elastic materials in
e P ,g n lwelded contact to the solid. In Ref. 6 we have derived the.'-"cently,." Physically, resonant generation of a Rayleigh- like eatepeso o h elcincefcetfo aee

wave and rapid reradiation of this surface-wave energy into exact expression for the reflection coefficient from a layered
the fluid are responsible for the characteristic displacement half-space in a fluid. Using those results, we have further

* " and distortion of the acoustic beam. These effects typically shown that an earlier approximate analysis8 may be ex-
lead to a bimodal reflected acoustic field, composed of a rem- tended to the case where a layer of differing density and

nant specular reflection summed coherently with the radiat- elastic constants is in welded contact with the solid half-
-" *s ing surface wave. When conditions ofbeamwidth and wave- space. In the earlier paper," on the other hand, it was postu-

e length are favorable, a portion of the field distribution shows lated that forcases in which the thickness of the layer is small
a strong reduction in amplitude, due to the phase cancella- compared with the incident wavelength, details of the propa-

tion of component fields. The situation is illustrated schema- gation process in the layer might be unnecessary in light of
tically in Fig. 1. An acoustic beam incident at the Rayleigh the expectation that variations in the displacements across
angle sn isplacoust and distortion with most of the the layer thickness will be small. Thus in Ref. 7 a basic analy-suffers displacement sis was presented in which the details of the propagation in

the layer were ignored but the layer's influence was pre-
-*1 ., RAsMITrER RECEIVER served. Specifically, it was found that the effect of the layer is

manifested in the form of a modifier to the interface stress-
, continuity conditions between the liquid and the solid sub-

* • / strate. This leads to an approximate simplified expression for
/"/the reflection coefficient.

/ - It is of interest to note that all physical effects of the
"./reflected beam can be explained by examining the behavior

Iof the appropriate reflection coefficient. Generally speaking,
FLUID the inclusion of the layer was found to give rise to dispersive

O LAYER SID.. ---- ---- effects in both the surface wave speed and the lateral dis-
.N LW placement of the beam. These two effects further influence
N?; FIG. 1. Schematic of leaky wave experiment. The transmitter is fixed rela- the distortion of the reflected beam. The specific influence ofFI.I chmtco laywv_,emn. h rnmlir ixdrl- the layer, however, depends highly upon its material chara-

tive to sample, while receiver scans along interface. Dashed lines in reflected
..1, field indicate specular reflection. Shaded regions contain most of the acous- teristics as compared with those of the substrate. Besides the04IV tic power. Null zone is denoted by N, and leaky wave reflected field by LW. trivial case in which the layer's properties are identical with
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those of the substrate, the layer can either load or stiffen the are then combined with the proper interface continuity con-
substrate. The loading situation occurs when the layer's elas- ditions to yield amplitudes of the wave potentials. Among
tic properties are softer than those of the substrate, and stiff- these amplitudes will be the reflected beam amplitude which
ening occurs for layers stiffer than the substrate. yields the reflection coefficient. The formal solutions for the

In our previous investigationsb" we concentrated on es- incident and reflected wave potentials in the half-space, lay-
tablishing the behavior of the zeroth-order surface mode of er, and fluid are given by
the loading case. It is found that the frequency dependence 0= exp(i4,, z + in), (1)

of the surface wave speed and of the beam displacement
vary from those corresponding to the substrate at Q = 0 W, = ,bexp(i4,, z + it/), (2)

(Q k,, d where k,, is the shear wavenumber of the sub- Ol = 4o0 exp(i,, z + i77) + 002 exp( - i' 0 z + i), (3)
strate and d is the layer thickness) to those corresponding to. 1P. = 0,o, exp(i,o z -t- hr) + 002 exp( -- i ,o z + i71), (4)

% the layer as Q -- oo, as expected. Further examination of the
reflection coefficient reveals the existence of an infinite num- Of = Of, exp [ i4(z + d) + i I

_ er of higher order leaky surface modes. The phase velocities + 0, exp[ - i41 (z + d) + iI] (5)
* of these modes behave in a different manner from that of the whereall O's and ,'sare unknown amplitudes, the subcripts

zeroth-order mode, however. Specifically, each of these we al s re unkno lid e, tesubcipts
* - modes exists beyond a critical value of Q, at which its phase f, o, s refer to fluid, layer, and solid half-space, respectively,and the subscripts i and 2 refer to incident and reflected

velocity is bounded by the substrate's transverse wave speed waves. The wave-vector components are given by
and asymptotically approaches the layer's transverse wave
speed as Q - oo. Furthermore, the corresponding beam dis- (k 2)/2, (6)

-. placements of these modes grow indefinitely as Q ap- wherea = 1, tandi =f o, s;o isthecircularfrequency, and
proaches its critical values and infinity. The purpose of this 71 = x - wi. The invariant x component of the wave vector
paper is to present results pertaining to the leaky surface is just 4 k, sin 9,, where 6, is the angle of incidence. For
mode's cutoff behavior in the cases of loaded and stiffened the fluid there can be no ambiguity concerning the mode, so

' half-spaces. This includes both calculations and measure- the wave properties are denoted by a single subscript.

ments. By combining the potentials with the proper interface

"T R continuity conditions on stresses and displacements at the
two interfaces and defining the reflection coefficient

In what follows we present a short summary of the theo- (7)
retical analysis of the present problem. For the complete
details of the analysis we refer the reader to our earlier pa- one can, using Cramer's rule, conveniently display R as
per." The plan is to introduce for each medium the potential IF, - (Pt c F,/p0 c"' (8
functions 0) and ' corresponding to longitudinal and trans- R = , {8)

-verse wave motion, respectively. Formal solutions of the
field equations when expressed in terms of these potentiais where0 0

1 0 -4,0 0 -I ,l
0- 4,,, 0 1 -4,, -1

-1 0 o 0 1 -

SF, -2 o 0 1',, 1 I) 24,,

1,o sin 1,0  -i.,o Cos ,o (1 -o)/2 i(. 2. - 1)/2 0 0
X sin aio X cos 5z 0

( "),(ro1) -2i,0 cos "g,o 24,0 sin U 0,0
x cos 5, 0  X sin 5Lo

-, (9a)

:g 1 0 -41o 0 -l 4,
0 4,,, 0 1 -4,, - 1

,i 0 o l ) 0 2, ,0- ,2 -24,,

.- • ~~ 2.1" 0/ o~s t , ,,o-',(=., - 1) 2 ,, -, ,

O ,o sin ao -i,o cos 4,o (! -4f)/2 i(410 -1)/2 0 0
X sin Z,0 X cos F3, 0

sin -,o i ,(, cos 5, - sin l;o, i cos , 0 0

.9b)
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and wd Qct, face modes. It is found that in the case of a loading layer an
S=- - (10) infinite number of modes exist, whereas in the case ofa stiff-

Its c, c, ening layer only a single m(xe exists. It is important to indi-.
Here. c, is the Rayleigh wave speed, and p , is the %hear catethat i. theabsence f thelayeronlya ,inglerealsolutin

nnodulus of the substrate. For later reference in the analysis, will exist. This will be the classical surface wave mnodc which
we further assume that a Gaussian beam is incident from the propagates on a half-space. In the presenceof the liquid these
fluid onto the fluid-solid layer interface. Its incident field is real wavenumbers will be perturbed rather mildly and be-
represented by come complex. This, of course, is confirmed by Eq. (13)

which admits the complex solutions
%,{x,z) - _ e,(lexp(i~x +i~,z)d4, (lla) p = k, + ia. (14)

K where From Eq. (14) the phase velocity is given as c, = ta/k, and a ,
is the attenuation coefficient. Notice that a vanishes in the

f( exp[ -(4"- k,) (a, 21/cos 6,. (I lb) absence of the fluid and hence no attenuation (leaking of *
The caret indicates a Fourier transform, k,( = k, sin 6,) and energy in the fluid) occurs. Hence, in the presence of the fluid
6, are the wave vector and angle of incidence, and ao is the these surface waves are called leaky waves. It is also known .
incident acoustic beam half-width projected onto the x axis. that c, is hardly affected by the presence of the fluid.6 How-
Upon its reflection, the incident beam of Eq. (11) is modulat- ever, as has been shown earlier" a is very important be-
ed by the reflection coefficient R, and the reflected field is cause it is related to the lateral displacement of the reflected
thus given by beam. In fact, the beam displacement parameter 4, is de-

If fined to be equal to 2/a.
=(R expli'x - i. z). 2) Since we have concluded that the vanishing of F, de-

fines the propagating surface modes, then it is clear from (8)The representation of the reflected field in Eq. (12) completes that as I I, I -,0, R -- - I and hence 1 R I = 1. Also at this
the description of finite-beam reflection from fluid-solid in- critical location, the phase of R passes through ir. Thus,

terfaces. This integral can be evaluated analytically by mak- close to the zeros of IFr, I where IR 1 - 1, we find that we have
ing several assumptions about the reflection coefficient and an alternative method for deducing the leaky wave propaga- .

the incident beam profile, as was done in the analysis of Ber- tion constant. Accordingly, the reflection coefficient at any ,

toni and Tamir' for a fluid over an isotropic half-space. Since Rayleigh angle can be represented by expanding its phase
Rayleigh wave propagation on a layered half-space in con- factor about the incident wave vector in powers . and retain-
tact with a fluid is equivalent to propagation on an unlayered ing the leading term'
half-space of suitably modified elastic behavior, we find that
the above approximate analysis can be extended to include a R (") exp [ i4 - k, )S '(k,) J, (I1)
layer.6-7 Alternatively, the integral of Eq. (12) may be evalu- where k, is the Rayleigh wave vector, and S '(k,) is the deri-
ated numerically, enabling consideration of other beam pro- vative with respect to of the phase of R evaluated at k,. By
files. substituting from (15) into (12) and combining similar terms

in the exponential, it is shown that the beam displacement
II. QUALITATIVE DESCRIPTION OF LEAKY MODE parameter A, can be expressed as
EXTRACTION J,.= .- S'(k,). (16)

Insight on the problem of nonspecular reflection of fin- Furthermore, Eqs. (15) and (16) are also valid at any
ite acoustic beams from fluid-solid interfaces can be gained incident angle above the transverse critical angle, permittingfrom an examination of the reflection coefficient R (0) as a straightforward calculation of J, away front the mode criti-

function of angle of incidence and Q. The expression (8) for cal angles. (This point is illustrated later in Fig. 9.)
the reflection coefficient contains, as a by-product, the char-
acteristic equation for the propagation of modified (leaky) l. RESULTS AND DISCUSSIONS
Rayleigh surface waves which propagate along the fluid- A. Loading layers
layered solid interface. The vanishing of the denominator in Samples of the results obtained for a copper layer load-
Eq. (8), namely, ing a stainless steel substrate are illustrated in Fig. 2. A series

+', - (Pf cf, f/po C )j = 0 (13) offour curves are collected which display the appearance of
defines the characteristic equation for such waves. Further- higher order modes and their Q dependence.

more, in the absence of the fluid, i.e., for po = 0, Eq. (13) In accordance with the definitions of c, and A, one can
red uces to also determine the dispersive behavior of each mode as will

be described below. In the first frame at Q ( k,, d) = 0 the
Ir, 1 = 0 (1 3a) magnitude of R represented as a broken curve attains a value

which defines the characteristic equation for Rayleigh sur- of 1.0 near 29, the transverse critical angle, and remains at
face waves on a solid layer bonded to a semi-infinite solid 1.0 for all higher incident angles. Here, all of the inormation
substrate.9 ' 0  in R (0) is contained in its phase. This quantity experiences a

For given real frequency wa (or Q), the real wavenumber small variation at the transverse critical angle and a rapid
%" solutions 4 - k, of(13a) define propagating Rayleigh sur- reversal near 3 1*, the Rayleigh crit;cal angle. The phase re-
0,.
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FIG. 2. Phase and magnitude of the reflection coefficient versus ir, Jident angle for several values of @. Materials are a copper layer on a stainless steel half-
0pace. The phase variable has been arbitrarily shifted by I .

versal in R (0) leads to the generation of the zero-order leaky
Rayleigh waves for finite beams incident at or near its occur- CPE TE
rence, as can be inferred from the integral in Eq. (1 2). In Fig. 3.2-
2(b) at 2.0 this angle has moved to near 38.5% and the

be mdslc m n aa etrA a erae s i iae 3.0 M40'

by the curve's smaller slope. This clearly displays the disper-
-sive behavior of this mode. At Q = 2.5 in Fig. 2(c) the vari- -

%V. t 2.8 M

ation in R near 28.5' suggests the appearance of an additional 28M

propagating leaky surface mode. In Fig. 2(d) this new mode "
has moved to 33.3" and yet another higher order mode is 2.6-M
about to begin propagation from the transverse critical an- ,

gic. In fact, an infinite number of such modes exist for the \ .4LR

I2A

loading layer, as also noted in the review article by Farnell

and Adler' for the case with no fluid present. The quantita-

V2.

tive wave-speed dispersion of these modes for the layeredssehl

valf-space is presented in Fig. 3. At the left the zeroth-order
mode is displayed, for which we have presented data in pre- 2.0-
nevious work. Higherrer modes are labeled M2, M3, etc. 0 2 4 6 8 0 2

These modes have a cutoffat the half-space transverse wave

bseed, dpaet parvameer of ha dherepaseda indcted 30p-

a FIG. 3. Phase velocity versus of the zerth and higher order Mods for a
uogproaches the layer transverse wave speed asymptotically. loaded half-space.

13i J. Acout. So .Am., Vol. 75, No. 5, May 1984 A.H. Nayeh and D. E Chimenti: Finite acousti beams 1363

% 90



mode where ,/Af approaches an asymptotic value. 2

Finally, as an example of how a reflected beam is in-
400 fluenced by the M2 mode when a suitable combination of"-'"400

M4 incident angle and Q is chosen, we represent the amplitude of
3-, the reflected field as a function of receiver position as shown

00 in Fig. 5. The large peak on the left corresponds to the com-

ponent illustrated within the region of the geometrical re-
M2 flection of Fig. 1, while the leaky M2 wave with its trailing

-2O field is located on the right. Between these two signal ele-
ments is a zone of strong phase cancellation. The behavior of

,COPPER/ STEEL the reflected beam in the vicinity of this higher order leaky

100" mode is qualitatively similar to that for the zero-order
wave,"67 a bimodal amplitude distribution with a decaying

-.. .R surface wave separated by a sharp null. One noteworthy dif-

0 0 ference is caused by the magnitude of the beam displacement
0 "O,0 1'2 parameter. When this quantity is large, as is the case here,

0 energy leaks more slowly from the surface wave into the
fluid, accounting for the long tail on the distribution and the

FIG 4. Beam displacement parameter versus Q of the zeroth and higher relatively small leaky wave peak near x = 12 mm.
order modes for a loaded half-space.

B. Stiffening layer

We have compared these calculations to existing data on a When the layer material has a higher transverse wave
'2" water-cadmium-iron system" and find acceptable agree- speed than that of the substrate, the propagation characteris-

ment. tics of leaky surface waves are substantially changed. In fact,
The new element which appears when the fluid is in- only a single leaky surface mode is found to exist. This mode

cluded in the problem is the lossy part of the wave vector, begins propagation at the half-space wave speed for Q = 0,
represented as A,/A, vs Q in Fig. 4. Higher order leaky and its phase velocity increases with increasing Q as the stiff-
modes are indicated as before, and the zeroth leaky mode, ening effect of the layer blends in. At the point where the
denoted LR, is included from our previous work' for com- compound wave speed nearly equals the transverse phase
parison. The minimum observed in the normalized displace- velocity of the half-space, the mode ceases to propagate. This
ment parameter for the zeroth mode near Q = 2.2 also ap- cutoff is clearly a consequence of the fact that the half-space
pears in the results for the higher order modes. Here, will not support a surface mode excitation which propagates
however, the absolute values are much larger, and the curves faster than its bulk transverse wave.

S-diverge at the wave cutoffs. For increasing Q past each mini- To confirm the existence of only a single mode, we de-
mum, the normalized displacement parameters of the higher pict in Fig. 6 a history of the variation of the reflection coefli-
order modes rise monotonically, in contrast to the zeroth cient with four values of Q for a chromium layer stiffening a

steel half-space. As in Fig. 2 we plot magnitude and phase of
R (0), noting that the zero crossing of the phase curves de-
notes the Rayleigh angle. From Fig. 6(a) to Fig. 6(b) the slope
of the phase curve at the abscissa has sharpened considerably
indicating an increase in the beam displacement parameter

0.8 A,. This behavior continues in Fig. 6(c) at Q = 1.8. Then at
1 1.86 in Fig. 6(d), above the cutoff value of 1.82, the

phase curve no longer crosses zero, and the mode ceases to
. J 0.6 propagate as a surface wave. Since only a single phase crosses

zero and that it ceases to cross zero beyond the critical value
of Q, we conclude that only a single leaky mode exists. Simi-

. lar numerical calculations of chromium over brass also con-
4firm the above conclusion.

The wave-speed dispersion for two cases of a stiffened

half-space is demonstrated in Figs. 7 and 8 for chromium on
0.2 stainless steel and chromium on brass, respectively. The sol-

id curves are taken from the theory developed in the last
section, and the discrete points represent measurements on

0" the reflected field to deduce the Rayleigh angle from the
-20 0 20 40 60 so occurrence of beam distortion and displacement effects. De-

,, POSITION (ram)

tails of the experimental procedure and sampic preparation
FIG. S. Amplitude distnbution of reected Gauuian acoustic beam inci- have been given elsewhere.'" All wave speeds used in our
dent at critical angle of M2 mode. computations are collected in Ref. 14. In both Figs. 7 and 8
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"A calculation from Eq. (10). Experimental uncertainty is indicated by a typical space. Solid curve is model calculation. Experimental data are plotted di-
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% 1365 J. Acout. Soc. Am., Vol. 75. No. 5, May 1984 A. H. Nayfh and D. E. Chimenti: Finite cstat bow* 1365

92



experimental uncertainty is indicated by a typical error bar. noted.' However, we car', make an analytrcal es, irnarc of Q,
Although measurements near the wave cutoff are complicat- from our previously repo rted approximat.e a~ ~~of leaky
ed by the rapid variation in J,/Af, agreement with the pre- waves in the presencemfthin layers. Neglecting tiie influence
diction of the model calculation presented earlier is reasona- of the fluid, we expand the characteristic oq~.in it', powers
bly good. At the cutoff, the Rayleigh wave speed is a few of wod and substitute for the wave vector its apporx.mnate
tenths of a percent higher than the substrate transverse ye- value at the cutoff~. . - k,. rhen retining only the tirst-
locity c,. resulting from the presence of the fluid. order terms and solving tbr Q, , we obtain

The nonzero imaginary part of the Rayleigh propaga-
tion constant leads to the beam displacement or energy leak- Q I -t I,/7,,)I' 11 !c,/C,, 1(17)
age effects discussed earlier. This quantity can be conve- if this result is specialited to the cast- of chrornium i, \teel,
niently represented in dimensionless form as A,/Af, where we estimate- Q~1.96 compared to the value ,I I 32' as pre-
the beam displacement parameter A, is given by either 2/ diedfothnueiaivsiain hesctslio
lm( ) or by - S'(k,)of Eq. (16), and the ratioof 4, to the soniig7Frhomuobaste .rcutnt
fluid wavelength has no explicit frequency dependence. quite as good.
Here, 4 is the complex leaky wave pole. As we indicated in e shilycosdrtecsr~t, '. ice
the Introduction, the normalized beam displacement param- acoustic amplitude along the &eCtiOnl Of . y-,agating
eter increases without limit as Q., the value of Q at the mode surface wave modes. With the f~u. i-S0lid ine.cIn the x-y
cutoff, is approached. Beyond that point the mode ceases plane and an acoustic b)eam 1ICident at(.'/ It, tiiw x-z plane, we
propagation for the case of the stiffened half-space. This be- seek the reflected field par allel io th ' x axis at fi "ed value of
havior can be easily deduced from Fig. 9. In this figure, using z, say z = Z. In previous work"< we Eavv, . that the
the somewhat relaxed form 4,( ) = - S'(_ )of Eq. (16), we approximate analysis of the unlayered tiuiu- 1 erface"
calculate the normalized beam displacement parameter as a could be extended to include the layered iih-~c y solv-
function of angles of incidence that are close to Rayleigh ingaboundary-condition equation for th, elaslchel.avior of

*critical angles for four values of Q. As can be easily seen each the compound system. As long as the assumptions iipi cit
curve displays a sharp maximum with a nearly symmetric i h eiainoteaayia xi~infrteeice

decraseas ne mvesawa fro th Raleig anle.The field are satisfied in the layer case, the extension is quite
widths of the curves tend to narrow, and their peaks increase accurate, as we have sfmwn experimentally i-or i zeroth-
in amplitude with increasing Q. This behavior is intuitively order mode of the loading layer
correct since we expect that far from the critical angles, In all cases where cutoffs -occur, the e:.ergy di'strbu-
specular geometrical reflection will be restored. tions are qualitatively different from this well beimved mode,

Since the wave-speed dispersion of the single Rayleigh however. In their analysis of acoustic-beamn r,-flection from a
mode for the stiffened half-space is determined by solving fudslditrae etn n ai 5 eautoa p
numerically a complicated transcendental equation, an ex- poiaefr fteitga ersne n ~*1)b
act general expression for the value of Q, as a function of contour integration. Since for their case a igen;sp-
material parameters cannot easily be derived, as others have sive mode existed, they assumed that the only irnixrtant

contribution to this integral comes from a LR pole of order
one at g.. This assumption is certainly saristied for the un-

140- CHROMIUM /STEEL layered half-space as long as the integrand of Eq. I121 is smal
near other rapid variations in R ~ ,like the one at k:,. Practi-

0-1.6 cally, this will be the case if k, - k,, > rr/a,, For the loading
120 layer this assumption is, still accurate for il - rcii-ordcr

mode. For those modes which begin to aplhea: ol tcasr ab-
too ruptly, however, this assumption i., no longer valid as oe

approaches the ioode cutoff. Thc rapid chanl-,e in the,' retlec-
80o tion coefficient at the cutoff adds ai conti ibution to the re-

1.0flected field which is not accounted for in. the approsxi;nate

* 00.5 evaluation of Eq. (121. Fxamrpl-i of this progrres iv jiver-
600.0 genceof thleapproximate n-2xic',ro,a nitm~en .::evaluation

of Eq. (12) are given in Fig%. 10 and :I acous:-zc beams
40 ~incident at the respective Rayleith angles. fHre. we repre-

sent the extended anavytical i-,'ion by a caQ,eio clirve

20 and a 200-quadrant numenca,i nt,-g-atiori usinh- Sirnp-on's
ruleby asolid curve for the case oifchrornio. ;on steel Bchi(w

0 28Q = 1.0 the two curves art, ncari. .n . .ank , ov At
2 28 30 32 34 Q= 1.0 in Fig. 10, where A, - k,, - -r la, .a~

e, (deg) parity is observed, particokli y iro the naj:! ..
ence increases, as k, appro.-:hes k,, tad ve. -c .ev

FIG. 9. Beam displacement parameter as a function of incident angle for a nounced in the vicinity of the cu,(i, 1, 1. 17 r 1 1 w -

stsifened half-ipace. Q 1.76- Increasing rhe r.. tuber o ' oit,kC,~t .!
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CHROMIUM STEEL 0 1.0 - CHROMIUM /STEEL 0- 1

0.4 0.8
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POSITION (mm) POSITION (mm)

FIG. 10. Reflected beam amplitude distribution for a stiffened half-space. FIG. 12. Reflected beam amplitude distribution for a stiffened half-space.
Solid curve is numerical evaluation of integral in Eq. (12); dashed curve is Solid curve is extended analytical model; discrete points are data.
eatended analytical model.

model. Good agreement is evident in the relative amplitudes
Sfourfold does not significantly affect the results. Above Qc at the two peaks in the distribution as well as their positions.
(s 1.82) no propagating solution for the layered half-space The shape of the theoretical curve follows the data reasona-
eXISts. bly well until the trailing-field portion above about 20 mm.*An example of the comparison between measurements The disparity here may be caused by diffraction or absorp- ,

of the reflected field from a stiffened substrate and the results tion losses unaccounted for in the model. o r

41, of our model is shown in Fig. 12. The data are acquired by

fixing the relative positions of transmitting transducer and
sample, and stepping the receiver across the reflected beam IV. CONCLUSIONS
with I-mm resolution, as in Fig. 1. We employ specially de- In conclusion, we have presented calculations and mea-
signed Gaussian-profile transducers' intended to approxi- surements on the reflection of finite acoustic beams from
mate the beam profile assumed in the extended analytical fluid-solid interfaces either loaded or stiffened by layers in 5-

welded contact with the solid. In particular, we have concen-
trated on the discussions relating to the cutoff phenomena of

I- CHROMIUM /STEEL propagating leaky surface modes. Numerical results and
0*I data have been reported on wave-speed dispersion for a stiff-

ening layer of chromium on stainless steel and chromium on
brass and the reflected-beam amplitude distribution for

'p 0.8- chromium on stainless steel. Generally, very good agree-
ment is observed. Detailed calculations of the reflection co-
efficient R (0) for stiffened and loaded half-spaces are given,

0.6 and a straightforward method for deducing surface-wave

/propagation constants from R at arbitrary incident angles is
J*I t  discussed. The dispersion of the beam displacement param-

0.4 I eter, related to the imaginary part of the surface-wave propa-

gation constant, has been calculated as a function of reduced
- layer thickness using our model. All modes displaying cutoff

0.2 behavior lead to unbounded beam displacement parameters
I I at the respective wave cutoffs. We have compared results of

an extended analytical model to numerical integration of the
0 - reflected beam distribution and have found increasing dis-
-20 0 20 40 60 so parity as the wave cutoff is approached.

POSITION (mm)
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Transverse stresses in plane and cylindrical Rayleigh waves
D. A. Lee,*) R. L. Crane,') and D. A. Stubbsc)
Wright-Patterson Air Force Bave. Ohio 45433

(Received 26 July 1983; accepted for publication 3 October 1983)

Plane and cylindrical Rayleigh waves are shown to involve tractions perpendicular to the
propagation direction, on planes perpendicular to both the free surface and direttion of
propagation. Experiments show that backscatter from interruptions of these transverse tractions
is sufficiently efficient to allow the observation of planar cracks the planes of which are
perpendicular to the free surface and contain the propagation direction.

PACS numbers: 43.20.Bi, 43.35.Pt

INTRODUCTION $=a exp(ikz - ky - it), (2)

The most frequently occurring flaws in highl) loaded ,6 exp(ikz - kBy - iowt). (3)
-. structures are surface-connected fatigue cracks. Surface The irrotational displacement field V0 will satisfy the Na-

wave ultrasonic techniques are often used to locate and size vier-Cauchy equation
these flaws. In such cases, the interrogating transducer is
positioned such that surface waves are propagated normal, a2V(V-u) - b 2VxVxu = - (4)
or at least obliquely, to the plane of the crack. Indeed, most at
discussions to date concentrated on this particular inspec- where a and b denote, respectively, the material's dilation
tion geometry.' Sometimes, as in the case of a fatigue crack wave speed and shear wave speed, provided
originating on the surface of a highly loaded bolt hole, the A =(I - c2/a) t /2. (5)
flaw lies in a plane containing the direction of propagation The solenoidal displacement field V X 0be. will satisfy (4) if
(see Fig. 1). Conventional wisdom would dictate that such a
flaw would be undetectable with conventional Rayleigh B = (I - c2/b 2)/2, (6)
wave inspection methods. However, as this paper will show, where the wave's propagation speed c is related to frequen-
both classical Rayleigh waves and cylindrical Rayl :igh cy w and wavenumber k by
waves, that is, axisymmetric waves guided along the surface c -o/k. (7)
of a circular cylindrical hole,' involve nonzero tractions on
the free surface perpendicular to the propagation direction, The condition of vanishing tractions on the free surface
which in principle will be scattered not only by flaws lying in y = 0 leads to two homogeneous algebraic equations in a
planes oblique to the propagation direction, but also by flaws and 6. The vanishing of the determinant of this system

, . lying in planes containing the propagation direction, leads to
We present straightforward theoretical developments to (2 - c2 /b 2)2 - 4AB = 0, (8)

show that the transverse tractions result from nonzero which determines the Rayleigh wave speed c as a function
Poisson stresses in the plane case, and from a combination of material properties a and b. Since the wave speed deter-
of geometric effects and the Poisson stresses in the cylindri- mined by (8) is independent of frequency, Rayleigh waves
cal case. We present experimental results which show that are not dispersive.
backscattering of plane Rayleigh waves by interruption of The only nonvanishing transverse tractions for these
transverse tractions is a sufficiently efficient process to be plane Rayleigh waves will be
observed.

o,. = Au,, + 2#(u., ) (9)
I. PLANE RAYLEIGH WAVES,..., =- A. O, 110)

We briefly recapitulate the well-known basic theory of since u. 0, and u, k2 '. Thus
this case for the sake of completeness and to establish nota-
tion. Such textbook discussions as Achenbach's,3 and Lord .= [- A 2p/(A + 2u)Ia exp(ikz - kay - iwt )

% Rayleigh's original paper,' are excellent sources of more
details. = [v/(0 - v)]poi a exp(ikz - kAy - iat), (11)

Rayleigh waves2 may be viewed as being composed ofan where p is the density of the medium. Equation (1I) shows
appropriate combination of special irrotational and solen- that the transverse tractions do not vanish, unless Poisson's
oidal elastodynamic waves. Specifically, ratio v, or the parameter a is zero.

The parameter a does not vanish for propagating Ray-u =: V0 yz,t) + VX [ ,(yz,te],!) leigh waves. The ratio of the Rayleigh wave parameters a
where and # is a function of Poisson's ratio; for v = 0.25, a value

'US Air Force Istitut of Technology. close to that found in many materials, ja/f fI = 0.68. Thus
"Air Force Wright Aeronautical Laboratones (AFWAL/MLLP). classical Rayleigh waves in typical materials involve trans-
" Systems Research Laboratories verse tractions.
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, - b g' b ,,u gr'  (14)
dt 2

Seeking an irrotational solution of (14), one finds Mtat

is symmetric in m and k, so that the second term of the left
side of (14) is identically zero. The remaining terms of (14)
require

/(.2go.,_! 2),g -0,
which will be met if

aa-o ,d 2  (15)

One may take (15) as the defining equation for irrotational
waves.

Turning to solenoidal waves with displacement fields of
the form (13), one sees that

u-, = (.--

by the symmetry ofA,., with respect toj and m, so that now
the first term on the left side of(14) is identically zero. The

FIG. i. A schematic representation of a crack extending radially from the remaining terms lead, after some manikulation, to
internal surface of a hole in a solid half-space.

f* ~b 2 4&nm 6 "'~Asrp -dA, 0, (16)1~s - C ,"g',, 7 . =O,6

II. CYLINDRICAL RAYLEIGH WAVES for which it is sufficient that the quantity in square bracketsis identically zero. But that condition leads, after use of the
identityM. A. Biot described axisymmetric waves guided along

the surface of a circular cylindrical hole.4 Since these cylin- f,.m -A , ,
drical Rayleigh waves are not as widely discussed as the to
plane ones. we present the following detailed treatment. _AA,

In general coordinates, an irrotational wave's displace- b 2(g"AA, - gA ) -

ment field can be written at
.-. " (1) But the defining tensor A, of the solenoidal waves is, itself

= g' ,, , (I2) solenoidal, so that

while a solenoidal wave's displacement field can be ex- g 0. (17)
pressed in the form

Then the defining equations for a solenoidal wave may be
,' (13) written as (17) together with

. where the once-covariant tensor A, is a function of position
and time, as is the scalar 0. b 2grA., - (I )

In (12) and (13), g/' denotes the contravariant metric 8t
2

tensor elements of the coordinate system. A comma preced- While the forms of tensor equations (I5) and (1 8 are
ing gn index denotes covariant differentiation, e.g., succinct and easy to remember, these forms are not usually

SA, the most convenient ones to use when writing out the de-
A, 1Am. tailed statements which those equations imply in a given",- kj coordinate system. Direct evaluation of (18), for example,

The permutation tensor elements ceJ may be defined as usually requires evaluation of Christofhl symbols and their
if (1,k) is permutation rof (1,2,3) derivatives.

i,,,,~~~: jsgoir otews ,, Explicit "unfolding" of (15) for a specific coordinate
0, otherwise -"system is made easier by the well-known identity'

.Nii These elements are special in that they transform both _
as three-times contravariant relative tensor elements of F' - o gx. , (19)
weight + I and as three-times covariant relative tensor ele-

ments of weight - 1. by virtue of which (15) is equivalent to
,* a 0 ~( _-0' 0

,. The Navier-Cauchy equation ',) may be written in gen- a2 C __ d-- 120)
eral coordinates as N/ x ?x" )

i
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r.xplicit delineation of(18 is simplified in most cases by But then R, = V,, since coordinates of a given tensor charac-

the following considerations: the elements T', defined by ter which are equal in one coordinate system are equal in all
.. * ,"/ I/ "&A coordinate systems. Thus a set ofequations equivalent to (17j

and (18) is (17) and
are once-contravariant (oriented) tensor coordinates. Also,

J. they may be evaluated explicitly without evaluating Chris- - b - ' - P. I YA (2I -- = 22
, toffel sym bls, since - J bx2o x g dx' dt- (

dA I Equation (22) is more convenient fir expansion than Fq. (15),
el,, ekJ1-eA jkIA (21) since no Christoffel symbols appear in (22). Moreover, thedjioperations on the left side of(22) can all be accomplished by

and the last term in (21) is identically zero by virtue of the fairly straightforward matrix multiplications and differen-
symmetry of the Christoffel symbol in its lower indicesj and tiations.
k, and the antisymmetry of ej in those indices. Thus the S, We apply the preceding material of this section to de-

_ g, I 8A, scribe axisymmetric waves guided along a circular cylindri-
. -:g,, T' e - cal hole, setting

q (rezt )=af (r) exp(ikz - iot1. (23)
are once-covariant, oriented tensor coordinates. Repeating
the previous arguments of this paragraph then shows that Aq~frr) exp(ikz - iwt), (24)
the R,. A,---O-A,

R,. (g,, /,ifir/"'S., in cylindrical coordinates (rez). The vector field A, defined
by (24) is solenoidal. On writing out (15) and simplifying, one

j.j.dx" O dx- ] f" + (l/r)f'- kA2 f=. (25)

are once-covariant tensor coordinates, which can be written Similarly, (22) leads toout without evaluating Christoffel symbols. In rectangular 22+Illg=0

.5- Cartesian coordinates, g' + (i/r)g' - (k 2B2 + 1/r2)g 0. (26)
2, Imposing the condition that the fields vanish as r-*io leads

RA = ek o ep oXax. to homologs of(2) and (3) as

Now, the quantity 41 = aKo(kAr) exp(ikz - it). (27)

V, -- ,.e"A,., A, = 6rK1(kBr) exp(ikz - iot), (28)

appearing in (16) is also a set ofonce-covariant tensor coordi- A,_=O=A,
nates. In rectangular Cartesian coordinates, The requirement that tractions vanish on the free surface of

the cylindrical hole, r = R, leads to two homogeneous lin-
Vk = Ck, C,, - R ear algebraic equations in a and fl, and eventually, to the

d xa Ax" ; dispersion relation

2 -..

.r~ -b X k .AR ) +  g,{kAR ) 2B ( kS R ) +b KR + ) 2B kBR 0, (29)

S24K,(kAR) (2 - c2/b 2)K(kBR)

which is equivalent to Eq. (7.16) of Ref. 1. M/r--contribute to the transverse tractions, in addition to
The only nonvanishing transverse traction for these the Poisson-ratio effects of the term with the factor aA. In

* waves is .71; the limit of large ratios of R to wavelength (kR-.oo), the
geometric terms vanish, but the Poisson-ratio term tends in

v = '." ~~effect to the term obtained in Sec. I for the plane case. It is in
.2. this sense that the remark of Ref. 3, "...an axial symmetric

= [ - aAk Ko(kAR) - (2at/r)kAK(kAr) deformation gives rise to circumferential stresses which do
- (2ikf/rK1 (kBR ) I exp(ikz - t. (30) not exist in the two-dimensional case" should be interpreted.

Ill. EXPERIMENT

Inspection of(30) shows, first, that in the cylindrical case as The predictions of the above analysis were verified by
in the plane case, transverse tractions are present, and, sec- observing the reflection of a Rayleigh wave from a surface-
ond, that here geometric effects--the terms with the factor connected crack. For these experiments glass was chosen
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FIG. 2. Oscilloscope time records showing, in the trace (a). the surface wave reflections from a prestine glass plate. The echoes betwen tand 12jus are from the
transducer/glass interface. The echoes between 36 and 4 8

)us are from the end of the plate. Trace (b) shows the echoes from the plate with a crack that 4m
started from the saw notch.

as the solid media since it eliminated any concern about tape to ensure intimate contact. The surface wave trans-
grain scallcring which is common to metal specimens. ducer was then placed to launch waves both parallel and
Also, in the absence of grain boundaries long, straight perpendicular to the plane of crack. A wedge was driven
cracks could be produced in the glass by localized rapid into the mouth of the crack to increase the stress field at the
heating of the specimen. In fact, the flaws produced by this crack tip. The intensity of this stress field was confirmed
method were so smooth and straight that water, which act- photoelastically. At no stress levelprior to fracture was a
ed as a stress corrosion agent, had to be added to the tip of reflection from the crack tip observed for either surface
each crack to prevent its subsequent closure and healing, wave propagation direction. Even after 64 averages no re-
All cracks produced in this manner were perpendicular to flection from the vicinity of the crack tip could be dis-
the surface of the glass plates. A standard 10-MHz ultra- cerned. When the tape and knife edge was removed, the
sonic surface-wave transducer was used both to send and crack reflection was immediately apparent. We therefore
receive the interrogating pulses. For Rayleigh waves concluded that the observed reflection was indeed due to
launched perpendicular to the plane of the crack the famil- the presence of the free surface of the crack.
iar large return echo was observed at the appropriate time.
For the case of a Rayleigh wave propagating parallel to the
plane of the flaw a smaller yet clearly distinguishable echo
was observed as shown in Fig. 2. For comparison, a trace is
shown from a plate that did not contain a crack. What is
particularly impressive about these data is that they were
obtained without the use of significant signal enhancement. 'Metals Handbook. Vol. I I-Nondesructive Inspection and Quality Control

In order to ensure that the reflection of the Rayleigh (American Society for Metals, Metals Park, OH. 1976).
wave was caused by 'the presence of the crack and not the 2Lord Rayleigh, The Theory of Sound (Dover. New York. 19451.

fJ. 0. Achenbach, Wave Propagation in Elastic Solids (Elsevier. Ne% York,stress field ahead of it, the following experiment was per- 1973, Sec. 3.4, p. 85.[. formed. A piece of electrical tape was placed just over the 'M. A. Biot, J. Appl. Phys. 23, 998-1000 (1952).
tip of the crack and a knife edge forced into the edge of the 'I. S. Sokolnikoff, Tensor Analysis (Wiley, New York, 1964). p. 99.

664 J Acoust Soc Am., Vol. 75. No 3, March 984 Lee eta/ Faylegh waves 664
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. . LEAKY LAMB WAVES IN FIBER-REINFORCED COMPOSITE PLATES

=- Y. Bar-Cohen*

%.-

Systems Research Laboratories
Dayton, OH 45440

JD.E. Chimenti

Air Force Wright Aeronautical Laboratories
Wright Patterson Air Force Base, OH 45433

INTRODUCTION

Leaky ultrasonic waves are characterized by the continuous
conversion of ultrasonic energy at an interface from one mode
(usually a surface wave) into a bulk wave. For a fluid-solid
interface the surface wave mode can be any surface-connected elastic
wave having a significant particle displacement normal to the
interface. Then, if the bulk fluid wavespeed is less than the
surface wavespeed, ultrasonic energy will leak into the fluid at an
angle determined by arcsin(vf/v ). Likewise, surface waves can be
generated by the inverse phenomenon. A brief review of recent work
on leaky Rayleigh waves has been given by Nayfeh, et al.1 Leaky
Lamb waves in isotropic materials have been investigated both
theoretically

2 "4 and experimentally.
5

In the present work we report observations of leaky Lamb wave
4. behavior in fiber-reinforced, plastic laminates. As might be

expected by analogy to isotropic materials, the phase velocity of
the Lamb modes which we studied is found to depend on frequency and

plate thickness. Moreover, a dependence on relative orientation
between the fibers and the plane of incidence of the sound wave has
been established empirically.

* Present address: Douglas Aircraft Company, Dept. CI-E29
3855 Lakewood Blvd., Long Beach, CA 90846

1043

Review of Preress in Quantitative Nondestructive Evaluation

D. 0. Thompson and D. E. Chimenti, Eds. (Plenum Press, NY,-1984),
Vol. 3B.
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TRANSMITTER RECEIVER

FLUIDY"I
PLATE

Fig. 1. Schematic of leaky Lamb wave experiment. LW indicates
leaky wave, while N refers to null zone between components
of reflected field. A siilar radiation pattern, not
shown, exists below the plate.

'.9

EXPERIMENTAL PROCFDURE

-. The ultrasonic system employed in these measurements is of
conventional design, except for the mechanical positioning system
which permits very accurate angulation (±.05 degree) of the trans-

* mitting and receiving transducers. The transmitter is excited with
long tone bursts, and the received signal is monitored with the
fixed gate of a boxcar integrator as the receiver scans across the
reflected beam. Further experimental details can be found
elsewhere.

6

RESULTS AND DISCUSSION

In this section we present the results of measurements performed
in the following way. Both transmitting and receiving transducers
are adjusted to the same angle with respect to the sample normal.
The specimen and transmitter are held in a fixed position, while
the receiver scans stepwise across the reflected field, parallel to
the sample surface, as seen in Figure 1. We then display the
receiver amplitude as a function of receiver position. Since we
employ piston radiators, we have obtained a reference field

0 105
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LEAKY LAMB WAVES IN FIBER-REINFORCED COMPOSITES PLATES 1045

indicating the beam distribution and relative amplitude of
sidelobes by reflecting the sound beam from a tungsten foil (0.2mm)
placed directly over the sample. Subsequently, data are collected

t. % at several frequencies demonstrating the generation of leaky Lamb
waves. An example of these data is shown in Figure 2.

The reflected beam profile of the reference beam is indicated
with a solid line which peaks near x - 24mm. Then, the solid
curve at 2.0 MHz demonstrates the displacement and distortion in

- the reflected field characteristic of leaky waves, which were also
* - observed by others both for Lamb and Rayleigh waves5 ,6 in isotropic

materials. At frequencies well removed from the condition for Lamb
I. wave generation, the reflected beam from the composite sample shows

much the same profile as the reference reflection. Another example
of this behavior is shown in Figure 3 where a similar series of
curves have been obtained for a cross-ply, glass-epoxy composite
(0,90] s) plate with a thickness of 2mm. In this case the plane
of incisence contains the 00 fiber direction. Leaky waves are
generated at 2.92 MHz, while the profiles recorded at 200 kHz above
and below the resonant frequency do not show the same strong
distortion and displacement of the reflected beam.

10-

REF 2.1 MHz

, 2.3 MHz
- 20 MHz

w 6

_jI
2 4

':'' / \\
2 1

0 /
-e0 10 20 30 40 50 o 70 so

X (mm)

Fig. 2. Reflected beam profiles for a unidirectional glass-
epoxy composite plate 1mm thick showing a leaky Lamb
wave at 2.0 MHz. Reference reflection from tungsten

foil indicates approximate incident beam profile.
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-2.72 MHz

---3.12 MHz

W 6

2/

0
0A. 10g 20 30 40 50 60 70 so

X (MM)

Fig. 3. Reflected beam profiles for cross-ply composite plate
2mm thick. Leaky Lamb wave generated at 2.92 M4Hz.

Continuing with this method of examining Lamb modes in the
composite, we have constructed an experimental dispersion curve for
the two lowest order symmetric modes. These data are collected in
Figure 4. We tentatively Identify the left-hand curve as theS0
mode and the right-hand curve as the S Imode by analogy to these
modes in isotropic plates. For incident angles less than 15

% degrees no leaky Lamb wave could be observed, while for incidence
4 greater than 24 degrees, no characteristic bimodal reflected beam

profile could be generated at any frequency. As an additional
empirical investigation we studied the effect of fiber misalignment
with respect to the plane of incidence. As the unidirectional
sample was rotated so that its fibers were a few degrees out of the
plane of incidence, the incident angle corresponding to Lamb wave
generation rose slightly, indicating a lower effective plate

e wavespeed.

* * To provide partial confirmation of these results, leaky Lamb
waves in composites have been observed using pulsed Schlieren
visualization. For an angle of Incidence of 16.5 degrees and a
frequency of 2 MHz in the cross-ply specimen, the incident and
reflected fields are shown in Figure 5. Since the stroboscopic

% light source has a very short duration, the 180-degree phase
* difference between specular and leaky wave components of the

reflected field can easily be seen. The trailing field of the
leaky wave component can be observed decaying to the right. The

.1~ 107



LEAKY LAMB WAVES IN FIBER-REINFORCED COMPOSITES PLATES 1047

dark region dividing the two components of the reflected field is a
null zone produced by phase cancellation.

CONCLUSIONS

Leaky Lamb wave behavior has been observed in unidirectional
and cross-ply composite laminate plates and confirmed in pulsed
Schlieren visualization. Two distinct modes are observed, and
their dispersion has been determined experimentally over a limited
range of frequency times plate thickness, as well as incident angle.
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Fig. 5. Schlieren photograph of acoustic field distribution
showing leaky Lamb waves on unidirectional composite
plate. Angle of incidence is 16.5 degrees, and
frequency of tone burst is 2. MHz.
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Reflection of acoustic waves from water/composite interfaces
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Theoretical and experimental results are presented for the reflection of acoustic waves from
liquid-fibrous composite interfaces. For this purpose the composite is oriented such that the fibers
are parallel to the propagation directions. Because of the complex microstructure of composites,
continuity conditions exist on both the macro (water/composite interface) and micro (fiber/

matrix interface) scales. Due to the number and nature of these conditions exact solutions are
exceedingly difficult, if not impossible to obtain. As an alternative we formulate an approximate
analysis in which the composite medium is replaced by a homogeneous, yet dispersive medium. In
the process of replacing the composite with such a material model, the micro continuity
concditions are utilized. The validity of the analytical model is verified by comparisons with
experimental results obtained from graphite/epoxy and boron/epoxy composites specimens.
Results are found to correlate very well with the analytical model, especially at low frequency
ranges.

PACS numbers: 43.20.Fn, 68.25. +j, 81.70. + r

I. INTRODUCTION case of composites, the reflection coefficient is a function of

The high specific strength and stiffness of composite frequency due to their dispersive nature. In order to investi-

materials has lead to their wide spread use in efficient struc- gate this phenomenon, we must first solve the field equations

tures. Since most of these structures are subjected to cyclic in both the fluid and the composite and then satisfy the ap-
loads which can lead to rapid degradation in load carrying propriate interfacial continuity relations at the interface

capability, initial inspection and continued monitoring of between the media. Because of the complex microstructure
these materials for detection and sizing of strength degrad- of composites, continuity conditions exist on both the macrothes maerils or etetio an siingof tregthdegad- and micro scales. On the macro scale the continuity condi-
ing flaws is necessary in order to ensure adequate structural an mcross the acose the mt cond,
reliability. Unfortunately, many of the current inspection tions across the fluid-composite iaterface must be satisfied,
techniques can not be directly utilized for this purpose be- while on the micro scale appropriate conditions along the
cause of the inhomogeneous, anisotropic nature of compo- fiber and matrix interface must be fulfilled. Due to the num-

" sites. In addition, the kinds, types, and numbers of internal ber and nature of these conditions exact solutions would be

flaws that must be detected and quantified for structural exceedingly difficult, if not impossible to obtain. As an alter-

integrity models differ substantially from those traditionally native we shall formulate an approximate analysis in which

encountered. Currently the most useful technique for in- the compouite medium is replaced by a homogeneous, yet
* specting composite structures is ultrasonic c-scanning which dispersive medium. In the process of replacing the composite

was developed to inspect homogeneous, isotropic materials, with such a material model, the micro continuity conditions
i.e., metals. Before this technique can be fully exploited for
inspecting composites, a firm understanding of the interac- FLUID
tion between ultrasonic waves and the material is necessary. ACOusTIC KAM

This paper examines one aspect of this problem, namely, the
reflection of ultrasonic waves from composite materials. I I I i

II. THEORETICAL DEVELOPMENT
Consider the case of an acoustic wave normally incident

onto a water/composite interface as shown in Fig. I. For our e 1
purposes we have oriented the composite such that the fibers
are parallel to the propagation direction and assumed that
the composite consists of a hexagonal array of fibers embed-
dad in a compliant matrix. We wish to calculate the amount
of acoustic energy reflected at the fluid/composite interface. COMPOSITE
We know that in the case of homogeneous materials the re-
flection coefficient is independent of frequency, while in the FIG. 1. Model.

MS J. Apo. PM& U (3), 1F bWmy14 18
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(i.e.. along fiber-mat.ix interfaces) will be utiliLed. Recently, u,(x,O) O, u,,1 (x,O) = 0,

a variety of approaches have been usea to describe both the . 0 ,x, r:) 0, (7)
static and dynamic behavior of composites in the absence of -2 (X, r.

the fluid.'' In particular, we shall follow the lines of our V 1  U I1 U2, or.,,2= o r, 7 ,1 at r r. (8)

recent static analysis concerning thermomechanically in- If Eqs. 1I and (3) are averaged according to
, duced interfacial stresses in fibrous composites ' in order to - 1 ("9

• ... , derive an equivalent dynamic model for the homogenized 2ri )rdr, {9a). -" " c o m p o site . rrr .
". - 1. ' 2w{ (.rdr, (9b)

I"- A. Continuum modeling of the composite -=L" 2J,,

Due to the symmetry inherent in the composite micro- and the symmetry and continuity relations (6H8) are used,
structure and the alignment of the direction of propagation then we obtain the following equations
with the fibers we begin by approximating the composite as a
hexagonal array of concent:ic cylinders with perfect inter- P ' -' P ni --- 7- - r, (lOa)
face bonds which are subject to vanishing shear stresses and dx
radial displacements on their outer boundaries as illustratzd d&__ d' 0 z
in Fig. 2. For this approximation. the relevant field equa- nX dp , 2 . (lOb)

tions are
I"' - tu2 )n- A S, (Ila)

.d 1- r-X

*, I )X (lib)

* . + 0)- (or - ur) 0, (2) where n, and n, are the volume fractions of fiber and matrix,
8r ax r

0 A ,9 respectively, and
. z = "t + 2 W"- -- (rvl, (3) n, =r,/r'. n, = I -n. (12).... , dx r n n (2

(o=) Av du In Eqs. (l0)and (11) r and S are defined aso,, (At ,)- -  -r -' (4)r xr - 2n, Y*/r,, S = 2n V*/r (13)

:- v= du ( ± +  (5) with o'* and v" being the values of shear stress o,,, and nor-
dx d",/ mal displacement v at r = r,. Relations (4) and (5) may be

which hold for both the fiber and matrix components. In our utilized to calculate r and S. To this end and guided by the
subsequent analysis we shall refer to the fibers as material I symmetry relations (6) and (7), we assume that v#fr, x),
and to the matrix as material 2. o,,(r, x), V2(r, x), and or,, (r, x) vary according to

In addition to Eqs. IH5) the following symmetry and vtr. x) = A (x)r, (14a)
continuity relations hold 1(rx) =B1 )r,-" at I, x = Bdlr,(14b)

v2(r. x) = A 2 (x) - 1)r, (14c)

r o,! r, x) = B:(x) ( - 1)F, (14d)

where A, B,, A 2, B2 are independent of r. Notice that for
r = r, (14) yields the same values for v* and o as in Eq. (13).

In the case of material I we multiply Eq. (5) by r2/,
neglect du/dx compared with du/dr (see Refs. 1-3 forjustifi-

. Ication), integrate according to definition (9a), and we get

.1 r5 r*
.... m- \ rl/ IBR 4 p'

• " , wherer u * - u(r,, x). (16)

MATRIX Furthermore, in the case of material 2 we multiply Eq. (5) by
MATRIX( - r' )/( - e), integrate according to Eq. (9b), and we

obtain

-% 0 Qr * a*

0 , -u - - (17)

FIG. 2. Representative repeating cell of the comptmte. where
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4[ ' u, ,, o ,,, at x 0. (27)
4+ 4 The composite field Eqs. (23) and (24) are complemented

By eliminating u* from (15) and utilizing the continuity con- with the following fluid field equations

dition (7) we solve for or and hence for r, yielding 02uf d'Uf =, (28a)

r- = -- (5, i,), (19) dX2  C t2  0 2

4r,2 K duf,O - =,. ',: = if - f * (2 8 b )
where ax

K = ) 2 +/ I Q )/8P Y' (20) In the special case of normal incident waves from the

A similar analysis can be carried out to solve for S. By impos- liquid onto the liquid/composite interface we assume solu-

ing the continuity condition on o, we get tions of the form

-* -: S=F(p 0 2 + uf = ft e + Uf2 e '" -kx, (29)
*F .-dx d ) (21) (P., ii5) = (U, U2I4 + 9x), (30)

where where k, = (lc/ is the liquid wave number, w is the angular

F = (A2 - A ,)/[ T(p Q +JU2)1, frequency and q is the composite wave number. As a by pro-

(22) duct of this analysis we note that by using (30) to satisfy Eqs.
(23a) and (23b) the values of q and D = U2/U, are found to be

T _1 = (A + 1,)n + (A, + p2)nI + /,] restricted by the dispersion relations
n1 m

Finally, substituting Eqs. (19) and (2 1) into Eqs. (10) and (1I) - 2yq 2 + ,S = 0, (31)
yields U2  j K(ana2 -P, a2 ) +I~u l 2 u2- lD = =,(32)

*-d
2 ii, d2a, d25 2  U2 - Ut ,a 2

P1-,, - a ll -a , ,- = , (23a) U1  l-a,2r kq2

.. dx 2  rK with

U2 U U 1 -U2 (23b) ( a2 + 15 2 a )e 2 K-(a, +a 22 +a,,+a 2 ,)
'dt 2

9X2dx2 K V 2r2 K (a ,a 2 - a,2 a21)

n1  71 =aii!I+a, !u (24a) (33a)
?X dx6 =a, 5 2 )o4r2 K - P, +/2)(0. (33b)

nx2 = & 2. - + a2 2 ' (24b) Substituting from Eqs. (29) and (30) into Eqs. (28a), (28b) and

dx dx (23a), (23b), followed by formulating u, and o,, using the rule

where of mixtures (26a), (26b) and finally satisfying the interface
Sa,,= (A, + 2#1)n, + A, pFQ, continuity relations (27), we find the reflection coefficient

R = Uf2 /VUf tobe

a22 = (A2 + 02)n2 - A 2 2 F, R f kf(nI + n2 D) - q(an + a 2 D)" - /z FR = 1(34)
.a,2=At/A2F, a, = -A2 Afkf,(nn +n 2 D)+q(an+a 2D)'

P =PI , P2=P2 2* (25) where
, (25 a, =a,, + a2,1 (35a)

B. Derivation of the reflection coefficient a a02 + a,2, (35b)
Equations (23) and (25) constitute a system of coupled Since

field equations which describe the dynamic behavior of a
composite. The composite has been replaced by a higher or- kf = w q= ± and Af = p,
der dispersive continuum. The influence of the microinter- Cf C

face continuity conditions can be seen in the coupling coeffi- Eq. (34) can be rewritten in the equivalent form
* cients. In what follows we shall combine this analysis with

the equations for the fluid in order to derive an expression for R = Pf cfc(n, + n2 D) - (a, + a 2 D) (36)
the reflection coefficient for their common boundary or in- pf cf c(n, + n2 D) + (a, + a2 D)'
terface. where, for a given w, the value of the phase velocity c and the

Representative displacement and stress boundary con- displacement ratio D can be calculated from relations (31)
ditions for the homogenized composite will be matched with and (32). Notice that in the special case where both compos-
the corresponding values for the liquid at the interface, ite components are the same material Eq. (36) reduces to

. x = 0, according to the rule of mixtures

u, = u,2n, +R --2 2 (26a) p, c, (37);i Us &. n I" +2 n2- ffpc

O' = i + OY 2 n2. (26b) as expected. This can be seen since D reduces to unity, c

Thus, the liquid-solid interface continuity conditions are reduces to c, and a, + a, reduces top, c,.

667 J. Appl. Phys.. Vol. 56, No. 3, 1 February 19864 113 Nayfoh, Crae, and Moppe 687
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III. COMPARISON WITH EXPERIMENTAL DATA 10

In order to verify the validity of the analytical model,
attempts were made to measure the reflection coefficient of
two common composite materials directly using the method
proposed by Papadakas.' Unfortunately, the very larger at- 100
tenuation coefficient of these materials did not permit a reli- E
able measurement of the second back surface reflection re- I
quired by this method. We, therefore, were forced to
measure the longitudinal phase velocity of each specimen 9
and calculate the reflection coefficient with the homogen- -'
eous media relationship

R = cf C, 1 (38) 8.0P, cf + p, c aoL- 5 ,
o 3 4 5 6 7 6

Our measurement of acoustic velocity used standard FREQUENCY(Mz)
interferometric measurement techniques.' In order to en-
sure that the observed dispersion in velocity was not an arti- FIG. 4. Longitudinal phase velocity vs frequency for an acoustic beam
fact of either the measurement technique or the instrumenta- propagating parallel the fibers in a 45 vol. % boron/epoxy composite (solid

line is theory. dots are experiment).
tion, the compressional velocity of a piece of quartz glass was
measured over the frequency range of 1-15 MHz. The phase
velocity of this specimen was found to be 5.45 X 10' cm/s dispersion, i.e.. phase velocity and reflection coefficient vari-
with an estimated accuracy of ± 2% over this range of fre- ation with frequency are undetectable. This conclusion is not
quency. An error analysis of the experimental procedure unexpected given the very small size of the graphite fiber. A
showed that the experimental results presented in this paper photomicrograph of the actual surface of this specimen is
are accurate to within ± 2%. shown in Fig. 6(a). The reader will note that not only are the

The two types of composite specimens utilized for re- fibers tightly packed in an approximate hexagonal network,
flection measurements were graphite/epoxy and boron/ep- but the fiber diameter is approximately 8 pm ± 1I m. For
oxy In both cases specimens were fabricated with high vol- this size range the acoustic wave, with a wavelength in water
ume concentrations of fibers, 60 vol. % in the former and 45 of ISO jm sees the composite as if it were an average of both
vol. % in the latter case. The specific properties utilized in fiber and matrix properties weighted by their respective vol-
our calculations are listed in Ref. 9. Specimens were ma- ume fractions.
chined from large pieces of this material such that all fibers The same measurements were made with the boron/
were aligned parallel to the direction of wave propagation. A epoxy sample and the results are displayed in Figs. 4 and 5,
schematic representation of these specimens is shown in Fig. respectively. As in the case of the graphite epoxy, the homo-
I. geneous media relation, Eq. (38) was used to calculate the

The results of the phase velocity experiment for graph- reflection coefficient. For these calculations a density of
ite/epoxy is shown in Fig. 3. The corresponding reflection 1.968 g/cc was used. The theoretical predictions of our ap-
coefficient were calculated using the relationship for homo- proximate model are shown by the solid lines.
geneous media, i.e., Eq. (38) with the mixture density of
1.583 g/cc. It is obvious that these results show negligible

1.0

LL. 09
LU.

. ...

0.7 L BoL

%p .$ 0 1 2 3 5 6 7 a I

FRE-NCY (MHz) FREQUENCY 6

,,4, FIG. 3. Longitudinal phase velocity vs frequency for an acoustic beam FIG. 5. Calculated and measured reflection coefficient for a boron/epoxy
propagating parallel to the fiber direction in a 60 vol. % graphite/epoxy composit' in water [solid line theory, dots representative data points calcu-
compoite (solid line is theory, dots are experiment). lated via i. (38)].
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face. In this analysis the heterogeneous microstructure of the
composite is replaced with a homogeneous, dispersive medi-
um. In this process we replaced the microscopic continuity
relations with macroscopic relations in order to satisfy the
conditions of the analysis. The validity of this analysis was
verified from experimental data which showed that the mod-
el works well in the lower frequency ranges. In the frequency
range where the wavelength of the incident wave approaches

FIG. 6. (a) A micrograph ifthe graphite/epoxy composite. Fiber diameter is the characteristic size of the composite microstructure the
approximately 8 ±t I /4m. (b) A micrograph ofa; boron/epo~xy composite.
Fiber diameter is approximately 100 ± mb i bm validity of the model begins to break down as shown by the

deviation of data from the analytical prediction.

For the present case the experimental data confirm the

dispersion predicted by our model, i.e., Eq. (36). A photo

micrograph of the surface of the specimen shown in Fig. 6(b) ACKNOWLEDGMENT
explains why. The reader will note that the microdimension
of the effective repeating cell of boron/epoxy composites are Research of A. Nayfeh is supported by NSF Grant

substantially larger than those of graphite/epoxy. Since the CME 8021054 and AF Contract F33615-80-C-5015.

repeating unit of this composite is approximately the same
size as the acoustic wavelength. The extent of the dispersion
observed in this material was expected. In fact, the agree-
merit between theory and experiment is quite satisfactory 'G. A. Hegemier, G. A. Gurtman, and A. H. Naxfeh, Int. J. Solids Struct. 9.

given the assumptions used in the derivation of our model. 395(1973).

The difference between the analytical prediction and data 2A. H. Nayfeh and G. A. Gurtman, J. Appl. Mech. 41, 106 (1974).
oA. H. Nayfeh and E. A. Nassar, J. Appl. Mech. 45, 822 (1977).

above 7 MHz is due to the increasing inaccuracy ofA. H. Nayfeh, Fibre Sci. Technol. 10, 195 (1977.
proximate analysis as is manifested in the linear approxima- 'C. T. Sun, J. D. Achenbach, and G. Hermann, J. Appl. Mech. 35, 467

tions of Eq. (14). Furthermore, the fact that the model does (1968).
not take into account the higher frequency attenuating prop- A. Bedford and M. Stern, J. Appl. Mech. 31, 8 (197 1).erty ofe epo addsunt theihdiscreency attenuatingE. P. Papadakas, 3. Appl. Phys. 42, 2990 (1971).
erty of epoxy adds to this discrepency. "R. Truell, C. Elbeum, and B. B. Chick, Ultrasonic Methods in Solid State

Physics (Academic, New York, 1969), Chap. 2.

IV. CONCLUSIONS 'The Lame Constants/A andju are given by 4.73 X 10 and 1.95 x 10' N/m 2

for epoxy; 88.9x 109 and 177.2x 10' N/m 2 for boron and 114.5X 10*,
We have presented an approximate analysis for the re- 24x 10

V N/m 2 for graphite. The corresponding densities are 1.22, 2.34,

flection of an acoustic wave from a water/composite inter- and 1.8 g/c' for epoxy, boron, and graphite, respectively.
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CUARACTERIZATION OF MUI.TIPLE DEFECTS IN COMPOSITES
USING A NEW ULTKASONIC TECIINIQUE

Y. Bar-Cohen

Research Applications Division

Systems Research Laboratories, loc.

Dayton. Oil 45440-3696

and

R. L. Crane
AFWAL Materials Laboratory

(AFWAL/HILLP)
Wright-Patterson AFB, OH 45433

The utilization of thte peculiar ultrasonic wave propagation inherent in com-
posite matorials is usually thought of as being too complicated for application to

nondestructive inspection situations. l[ewever, recent experisental studies have

ahown that a significant increase in backscattering for acoustic waves at normal
Incidence to the fiber axi or to the surface of discontinuities can be used to
detect and characterize such multiple defects as matrix cracking, fiber orientation

and misalignment, and ply gaps.

INTRODUCTION

During the last decade, the use of composites in aeroaautical structures has

increased tremendously due to the recognition of their high specific strength and
modulus. As is the case with other structural materials, composites contain
production and service-i nduced defects which grow during usage. In order to

anticipate and prevent premature failure of composite materials, new NDE methods
are required. Conventional ultrasonic methods, which are widc-ly sed for the
detection of delaminattons, are not cli..sle of detecting uubtler forms of damage
because they were develoled for detection of single ilawF in homogeneous, isotropic
materials. Composites, however, are inhomogeaneous and usually contain many initial

flaws whose density Increases as a function of fatigue life. Recent studies of
acoustic backscattering from composites indicate that a technique based on this

phenomenon has the putelutial to overcome tne lImitations of the conventional
ultrasonic techniques. rhis methodology utilizes the inhomogeneous, anisotropic,
and layered nature of composites to detect specifically oriented microstructural

features such as fibers and cracks.

The significance of acoustic scattering phenomena to the characterization of
scatterers by analysis of the acoustic-field distribution was recognized in the
Imst century. Most studies have been concentrated on sinlev scattererb in homo--

geneous media to determine tne Information that can be extracted about the scatterer

from measurements of the acoustic field.1 However, the case of multiple scattering
from an array of cylinders, i.e., fibers in composites, is more complicated. The
work in this area (see, for example, Refs. 2 and 3) has been limited to randomly
spaced low-volume-fraction fibers and non-layered media. Due to the dearth of

applicable theoretical work, the authors examined backscattering of composites from

an experimental point of view. The results were found to be quite useful, as this
paper will show.
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cc. epoxy (Scotch 1002) with thicknesses which ranged from 2 to 13 plies.

RESULTS AND DISCUSSION

The backscattered acoustic field of a unidirectional comrposite Is shown In
Figure 1. The data reach a maximum only at a small angular range of the normal to
the fiber axis. Elsewhere, iscattering is uniform and low unless other soures of
scattering such as suc face roughness, Internacl voids, or poroSity are located along
the aconstic bceaim path. The effects of surface roughness were ireduced by sanding
the test specimen or coatinog it with a strippable varnish. These results suggest
the utility of using hacksatter signals to determine ply orientation as well as
fiber alignment within a specific ply. Figure 2 shows the effect of precessing the
transduccr arond the noinial to the plane of the fibers. By varying the angle of
Incidenice in a plane normal to the fiber direction in a unidirectional composite,
the data shown icc Figure 3 were obtained. This figure indicates the existence of
two backecattering niaxisa which seem to be related to the longitudinal and otie of
two possible shear velocities.

The magnitude of aconstic backscattering varies according to the type and size

of the defect; for example, transverse-crack scattering is about 25 dBi above that
due to ticc' fibers In graphite/epoxy iamicates. It is, therefore, quite easy to

'.5 discriminate craek scatteting from that due to fibers and to generate an image of
cracks in the various lavers of composites. A quasi-isotropic graphite/epoxy
specimeni was fatiguce loaded to 80t of the ultimate strength and 5000 cycles and
C-scanned using this rvchnique. Tlce result, as shown in Figure 4, clearly indicate'
the pre-sence ot trainsverse' cracks due to cyclic loading at the various ply orienta-

tions. 'the effect of the incidence angle on the backscattering image of these
defects Is shown In Figure !. As can clearly be seen, the closer this angle is to
the "critical" angle. the htgher the signal-to-noise ratio. Unfortunately, raising
the angle of incidence l~~: thL rt.luluc due to shadowing of cracka !y those
In the foregrv'iud. These faces required optimization of the incidence angle, wahich
was fotind empirically for gtraphite/epoxy to be approximately 21 do,;. The results
of using titis oipt inized technique to scan a group of fatigued specimens are shown
In Figure 6. Transverse cracks are generated also as a result of static stresses.
as shown in Figure 7 where a sample was loaded to 90% of the ultirnate tensile
strength. These results demonstrate the usefulness of backscatrering in studying
the process of crack growth in composite materials.
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Figure 1. Jackscattering from a Uni-directional ([0*18) Glass/Epoxy Composite.
The effect of surface roughnes6 Is shown. The angle of incidence a =30.
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Figure 3. Backsc'nttering as a Fuinction of Angle of Incidence for (.ass/Epoxy

CompositO. at the Plane of the Normal to the Fiber Axe% (B - 0).

The two critical angles are clearly indicated.

(o (b)

Figure 4. Backscattering Scan of Ouasi-Isotropic Graphite/Epoxy Speciren Fatigue

Loaded to 75% of Ultimate Stren&th and 5000 Cycles.

- K

Figure S. Acoustic Backscattering Images of "atigue Dakm.age at tih. 90* Orientation

of [0*, 90* + 45*iS Craphite/Epoxy .ptcimen Loj.,led to 75Z of Ultimate

Strength and 5000 Cycles and Tested at Various Angles of Incidence.
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-. *REF. DAMAGED

Figure 6. C-Scan Imaging of Transverse Cracks (90*) in [0%. 90%. + 45J]S
Graphite/Epoxy Specimens Fatigue Loaded to 75% of Ultimate Strength
and 5000 Cycles.

T SURFACE TRANS VERSE TAGROUGHNESS CRACKS

71gure 7. C-Scan Backscattering Image of Static Loaded (90% of Ultimate Strength)
Graphite/Epoxy [0', 90', + 45*JS Specimen. Angle of incidence a - 21'.

It can be concluded that backscattering measurements can be used to dete rmine
fiber orientation and misalignment. Moreover, minute internal transverse cracks
such as those which occur during cyclic or static loading can be imaged and tracked.
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NONDI:, I MItCT I VE EVALUAT I ON OF COMPOS ITE
MAiK I AI.S W1111 BAC:KSCATrFRI NG MIAS1UEEWrS

by

Y. Bar-Cohen

Systems Research Laboratories, Inc., Dayton, Ohio
and

R. L. Crane
AFWAL/MLLP, WPAFB, Ohio

V ABSTRACT

Initial experiments have been performed to characterize the scattering of acoustic waves from glass/
epoxy and graphite/epoxy composite panels. Experiments were conducted in the region 0.1 1 ka 1 1.0 on
both types of fiber reinforced composites. The data clearly show that a maximum in the backscattering
ultrasonic energy occurs for orientations which place the fiber axis perpendicular to the propagation
vector.

INTRODUCTION this misalignment is shown along with perfectly

aligned sample In Fig. 6. The increased bandwidth

The propagation of elastic wave through fiber was capable of determining misalignment to an ac-
reinforced composite is a very complex process. As curacy of ± 10 of arc. This is shown in Fig. 7,
it travels through the material, the acoustic wave where the actual angle versus the calculated mis-
Is dramatically affected by the anisotropic nature alignment angles are plotted.
of the layered composite. Significant changes also
result from the multiple scattering events that Backscattering is observed whenever a discon-
occur because of the myriad of stiff fibers in a tinuity is encountered by the acoustic. Defects
soft plastic matrix. Only recently have theoreti- such as a porosity with spherical symmetry, result
cal and experimental studies begun to unravel the in a uniform increase of scattering over wide
subtleties of the acoustic wave/composite Interac- angles as shown in Fig. 8.
tion.

It is concluded that backscattering measure-
The objective of this research work has to meats may be used to determine fibers orientation,

study the multiple scattering phenomena in fiber misalignment and in some cases the presence of
reinforced composites, as revealed by backscatter- porosity. Further work is underway to quantify the
ing measurements. angular dependence and intensity of backscattering

in composite materials.

RESULTS AND DISCUSSION

An experimental apparatus was built to permit
rotating test specimen while maintaining a constant
angle of incidence. By varying the fiber diameter
and the frequency of the incident wave, tests were WSTC KAM
conducted in the pseudo-Rayleigh scattering range
0.1 S ka s 1.0, where k is the wave number and ais issuct
the fiber diameter. The composite materials exam-
ined were graphite/epoxy and glass/epoxy. A schem-
stic of the experimental set-up and nomenclature
are shown in Fig. 1. Measurements of backscatter-
Ing were averaged over 32 points on the specimen
for a constant incident angle. As expected, the
backscattering (scattering detected by the sending

0. transducer) is maximum for orientations that place
the fibers in a specific ply perpendicular to the WHERE:

ultrasonic beam, (see Fib. 2). Also shown in Fig.
2 is the effect of surface roughness which contri- - ANGLE OF INscNcE

% buted about I dB to the backscattered energy. This .ANGLE BETWEEN Y-AIS AND THE TRANSMIrITR
can be nearly eliminated by polishing the specimen SeAM TRAJECTORYON THE LAYE PLANE

surface. In Fig. 3 a schematic diagram is shown
LIP_ as a guide in determining fiber angle in a quazi-
-- isotropic laminate. Using this simple convention

then Figs. 4 and 5 demonstrate the ease of using Fig. 1. Schematic representation of
backscattering information to determine ply orien- experimental set-up used to
tation. measure backscattering from

composite samples.
..'.. The width of the backsc.ttering peak is af-

fected by both the beam divergence and the uniform-
ity of fiber alignment, If beam divergence is con-

Sistant, then the peak width may he used to estimate
the amount of waviness in an otherwise parallel row
of fibers. To demonstrate this, a sample with a

300 misalignment was fabricated. The effect of
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Acoustic-Backscattering Imaging of
Subcritical Flaws in Composites

'-.1

d%, by Y. Bar-Cohen and R. L. Crane

el

Abstract Dr. Voseph Bar-Cohen Is the NDE principal in,-
Experimental studies of acoustic backscattering in the Ray- vestigator in the Research Applications Division

of Systems Research Laboratories, Inc.. Dayton.
Leigh region, i.e., 0.05 :S ka 5 1.0, from fiber-reinforced com- OH. His research interests are primarily in the
posites were conducted. A significant increase in backscat- area of ultrasonic characterization of defects in
tering was observed for those orientations which place the axis _- metallic and composite materials. He received his
of the fibers or other discontinuities at normal incidence to B.Sc. (1970), M.Sc. (1972), and Ph.D. (1979) in

dthe acoustic beam. Using this technique, fiber orientations physics from the Hebrew University of Jerusalem.
and the distribution of cracks within specific plies were easily From 1972 to 1979, Bar-Cohen was the senior

mapped.NDE specialist for the aircraft industry in Israel.
__mapped. .'; A He was responsible for developing nondestructive

methods, procedures, and specifications for testing and evaluation of
aircraft materials and components. Bar-Cohen has a Level III qual-

INTRODUCTION cation, by examination, in UT, RT. MT. PT, and ET. From 1979 to 1980.
he was a Post-Doctoral Research Fellow at the Air Force Wright Aero-

During the past decade, fiber-reinforced composites have nautical Laboratories, under an award from the National Research
_ found increasing utilization in primary (safety-of-flight) air- Council. For inquiries concerning this work, the author may be contacted

craft components. Current USAF damage-tolerant design phi- at (513) 254-5980.
losophy requires the detection and tracking of service-induced
damage using nondestructive evaluation (NDE) methods.Prsnlulrsnctchiusaewieyue-orti u-Robert Crane received his Bachelor of Engineer-'.-'.- Presently, ultrasonic techniques are widely used for this pur- ing degree from The Ohio State University in 1965.

pse. However, these NDE methods were developed principally inderefoThOh Saenvrstm16..He received his M.S. and Ph.D. degrees from the
* for the inspection of metal structures and, therefore, are op- same institution in 1966 and 1969, respectively.

timized for the detection of single flaws in homogeneous, iso- In addition, he has done graduate work at the
tropic monolithic materials. Unfortun ately, the detection of AUniversity of Chicago. His present position is with
flaws in composites is particularly difficult because of the in- Nondestructive Evaluation Branch of the AFWAL
homogeneous, anisotropic, and layered nature of these mate- Materials Laboratory. He has performed research

rials. Another complication arises from the fact that composites in the areas of ultrasonic techniques, computer

do not accumulate damage via the growth of a single self-sim-- " tomography and the integration of physical mea-
irfwbutrathe yinitiation of a myriad of small matrix r h hs a surements with fracture mechanics. His current

ilar flaw, but rather by has as its goal the development of NDE tools for composite
O, cracks. For many composites currently in use in aircraft struc- materials. Crane is Chairman of the Sonics Committee and the im-

tures, this matrix cracking ultimately leads to the development mediate Past Chairman of Miami Valley Section.
of a delamination late in the fatigue life. For stiffness-critical
structures, this can be defined as the end point of the struc-
ture's useful life. Given these considerations and the fact that nature of the composite to detect and image dominant mi-

* previous investigations (see, for example, Ref. 1) of the classic crostructural features.
ultrasonic techniques have yielded results of limited applica- The scattering of waves has been the subject of numt-rous
bility to composites, the authors decided to investigate ultra- publications because much can be deduced about the scatterer
sonic backscattering which utilizes the inhomogeneous, layered from measurements of the angular distribution and magnitude
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of the scattered energy. [letent dIe~clopniets in the field of cent of the ultimate tensile failure load and R= 0.1. This ,
"'.ti"tic scatte rig tf ,,,iinl w.atvs by %iiigle ohje 'ts in h.nio trtim easily pr aliced specimens with 90' and 4 .15' ply crick,
"ge ,.,),s -4,litl or fluid .ii n h % l ,, r, s .rted v't.ively to Ile'tr in at rel;tivily short tinle (5000 cy l.:.). "l'w nutber and lo
mill,' %hat ioil'ari',til , ,.I iti: Ow ,,i/,.. luill., aind .rieln catiin of Ih.*se cracks w r, e asily e.talli~hed wil 'ivle. rep

% tllttll of 1h14 saat terir c.111 he .h:Ittl troiI i.ltfrztsoaic lic.tio and the st;IIal.lrd rladiogiaaplit te hiliqaa u %isl. l io l N
me-s•a ireit ets ( c tor e aoeldh'. lIels. " wild t The sitatliloll rdintioli eajaaqie ipe.letrant.
is mta b mitor, difticult to a, ilyza. in ithe case of compsirpte The instrunentation use(l in these exptriln tits is shown
mithrlals hellaSe slld energy is both reflected at the inter- schematically in Fig. I. A wide-hand, flat, 6.35 mm diam. trans-
face between laytrs and s(atter'a by the fibers andtiiuaerous ducer located at the far field was driven by a Panarnetrics
inhernt flaws within each ply. A detailed analysis of experi- PR5052 pulser/receiver. In experiments requiring high reso-
mertal data inist, therefore, depend upon a consideration of lution, a 6.35 mm diam., 25-MHz, 12.7 mm focus wide-band

S"multiple icattering. Diffuse scattering by dispersoids has re- transducer was used. The center frequency of the interrogating
ceied much attention in recent years, particularly with regard pulse of ultrasound was varied from 5.0 to 25.0 MHz which
to biological materials.' While theoretical analyses of multiple yielded values of ka in the range 0.05 to 1.0, where k is the
scattering in solids have been performed . researchers have wave number that is equal to 2/wavelength and a is the nom-
only recently :ittempted to rationalize analytical predictions inal diameter of the scattering object. In several experiments,
with quantitative measurements. For example, O'Donnell and data were time averaged using a Princeton Applied Research
Miller: were able to obtain reasonable agreement between anal- boxcar averager to reduce system noise. All experiments were
,sis and experiment for a plastic containing approximately 4.0 conducted in a water bath which served as an ultrasonic cou-

volume percent voids. While this and most previous work has plant and a delay line.
been done with media containing spherical voids, very little A schematic representation of the transducer and specimen
work-- either analytical or empirical- has been devoted to the reference axis is given in Fig. 2. The angles of incidence of
examination of the scattering of coaxially aligned cylinders, measurement were taken in the range 0° :5x< 900 and the
The analysis of Varadan. et al.,' examined the forward scat- angles of rotation in the range 0° <50 1800 . The angle of

.?:"r tering of randomly dispersed coaxial fibers; but the results are incidence a was measured from the normal to the tested lam-
not generally applicable to composites because of the limitation
of the analysis to low-volume-fraction non-layered media. The SPECIMEN

work of Bose and Mal.' Data,'0 Chang" and Golovchan and TANSMITER TRANSDUCER

* GuzI? are similarly limited in applicability. Therefore, the pres- RECEIVER

ent %ork examines-from an experimental standpoint-back- ACOUST EA MOTOR

scattering from composites. The results are quite useful in at-
tempts to track or monitor mechanical damage in composites.

A4/RTOSR LLOSCOP EANLGUE

EXPERIMENTAL PROCEDURE cE SCILLNOOSRIGGE
The four types of composites examined in this investigation

were glass/epoxy (fabricated from Scotch 1002), graphite/epoxy
(T300 fiber/5200 resin), 5.6-mil boron/epoxy, and silicon car- dOXCAR
bide (5.6 mil)/titanium (Ti-6AI-4V). Various cross-ply lay-ups AVERAGER

were used for both the glass/epoxy and graphite/epoxy mate-
rials: but for the other two materials, only unidirectional spec-
imens were fabricated. All specimens consisted of 2 to 14 plies,
depending upon the complexity of the lay-up; e.g., unidirec-
tional panels usually contained two plies, while quasi-isotropic a

panels contained eight. All systems were fabricated using stan-

dard autoclave cycles which had been optimized for minimum
porosity in the finished laminates. To investigate the effect of Figure I-Schematic representation of electronic instrumen-
porosity upon backscattering, one specimen was fabricated with tation used in backscattering experiments.
hollow glass microspheres., 80 um in diam., dusted between
glass/epoxy tapes during lay-up. Because of the highly localized ACOUSTC BEAM

nature of the porosity, no attempt was made to measure ac-
curately its volume fraction. However, estimates from gravi- T
metric measurements indicate it to be =2.0 percent. T a

% Because of the potential of the backscattering technique to
image both fiber orientation and processing errors, both angle-
ply and single-ply sheets were examined. For ply-orientation

sdetermination a special (0, -e150, 30 , +45', n 60a, +75',
90d specimen was fabricated using standard curing proce- -

dures. The utility of the technique in examining fiber flawspt oy
was investigated with a single layer of uncured graphite/epoxy.
For these experiments, fiber waviness was simulated by dis- FBERS

Swtorting the fiber tows into a single-cycle sine-wave pattern with RESIN

a wavelength of about 6.5 cm and an amplitude of 0.25 cm. WHERE:
ouThe imaging of small cracks within the composite was carried
out on specimens having first-ply failure cracks. These were
obtained by fatiguing eight-ply quasi-isotropic graphite/epoxy a - ANGLE OF INCIDENCE

duspecimens until several lineal densities of transverse cracks
were obtained. The fatigue loading was carried out with a stan- hd-7ANGLE BETWEEN Y-AXIS AND THE TRANSMITTER
dard ramp loading spectrum, with a maximum load of 75 per- BEAM TRAJECTORY ON THE LAYER PLANE

Figure 2-Schematic diagram of experimental system used
"mmers an and Commitigs. Inc.. Canton, MA. to measure backscattering from composite samples.
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mtlate. wIuirits 0 was ,aiisured cointerchwkwise with respect
it, tlw plate Y ttxis. The reference system thus obtained is
""equivalent to the standard notution of ply orientation,'' with

the first layer of the laminate determining the coordinate sys-

.erm in which X is the fiber direction. In the various experi- !2
ments, one angle was maintained constant and the other has 4
been changed. For studies of backscattering phenomena, the

,, amplitude of backscattering was recorded as a function of an-
gular position. The results obtained served to determine the 4

optimum position in which the transducer should be located V
for subcritical-flaw imaging.

" RESULTS AND DISCUSSION .,

Investigation of the backscattering field of unidirectional LS

., composite materials indicates, as shown in Fig. 3, that the data
reach a maximum only at a small angular range of the normal -a
to the fiber axis. Elsewhere, scattering is uniform and low un- o 30 60 9o ,20 ISo ISo

less other sources of scattering are located along the acoustic- ANGLE OF ROTATION (0). DEIRREES

beam path. Surface roughness is also a source of such scatter-
ing, but its characteristics can be substantially eliminated by Figure 3-Backscattering from a unidirectional 10°] glassl

sanding the test specimen using a No. 180-grid metallographic epoxy composite. The effect of surface roughness is also shown.

paper. Surface-roughness scattering can also be reduced (2 dB) The angle of incidence a =300.
by coating the surface with a lacquer which can be stripped.b
Although the scattering amplitude from the surface roughness 2

is relatively low (see Fig. 3), for the sake of simplicity, all test
specimens during the present investigation were hand sanded 0

* smooth to permit accurate imaging of small defects. 0

The effect of changing the angle of incidence a upon back- -
scattering amplitude is shown in Fig. 4. Two maxima are ob- -2

served in each of the characteristic curves which represent ,
graphite/epoxy and silicon/carbide composites. These maxima -4

occur at the quasi-critical angles and are dependent upon the :4
quasi-longitudinal and quasi-shear wave velocities which are "
functions of the angle .'4 The fact that maximum scattering i -s
is observed at these angles has been used to advantage, and SIc/JI

most experiments were conducted at the angle of incidence V -0

which provided the most intense signals, namely, higher signal- A

to-noise ratio. However. no attempt was made to optimize the -10 GLASS/EPCY

transducer orientation for maximum scattering by a simulta-
neously changing a as a function of 0 or vice versa, and all
experiments were conducted with at least one constant angle. 60 90

Backscattering as a function of angle of rotation, fi, for a ANGLE OF INCIMCE (). DEGREES

quasi-isotropic graphite/epoxy specimen is shown in Fig. 5. It
is quite obvious that each layer of the composite reflects over Figure 4-Comparison of backscattering from both a SiC/Ti

a small range of the angle 0, which is normal to the fibe axis and a glass/epoxy composite as a function of angle of inci-
of the specific layer of interest. dence. Rotational angle 9-0.

It was noted that the intensity of the scattering from glass/
epoxy is 3 to 5 dB higher than that from the graphite/epoxy

* composite. This is presumably due to the much larger differ- O
ence in acoustic impedance between glass and epoxy as corn- 01 o
pared to that between graphite and epoxy-the acoustic
impedances of graphite, glass, and epoxy are 6.89, 14.48, and
3 48 x 10' gm/cm2 sec., respectively. The difference in imped-

"" ance for glass/epoxy is almost three times that for graphite/ 0
epoxy This does not completely explain the difference in scat- W -2

:* 0_ tered intensity since the difference in fiber (i.e., scatterer) di-
S-' = ameter and the number of scatterers per unit volume must also 5!

be considered. Unfortunately, the only models of scattering
% from a layer of cylinders which have been developed thus far >
%' -' present quite difficult computational problems."' Therefore, 5 -4 +45.

* a rationalization of analysis and experiment is not possible at 9 9so.

this time.
O, A schematic diagram demonstrating the angular relationship
" ,' between the scattering angle, 6, and ply orientation is shown

-. , in Fig. 6. It should be noted that the X and Y axes of the
composite plate are uniquely related to the axis of the scanning 0S 30 so 90 1 2 50 ISO

system. The scan of a specially fabricated graphite/epoxy com- ANGLE O ROTATION (). DEGREES

posite is shown in Fig. 7. In this case, it is obvious that in order
to specify ply orientation uniquely, the relationship between Figure 5-Backscattering from a quasi-isotropic [0', i 450,

S..90J]. graphite/epoxy composite. Scattering from each ply is
"he Sherwin Williams Corp., Cleveland, OH, Stripple Lacquer M69WI. apparent. Angle of incidence a"30° .
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i -%" -4A- TUAN.C,'IIC ;I4 it ftIlt l ion o it canl 4-X plain the ifI rvawd'I I lck-scatihtI g frontl
~lA'I %ONOCI -. (he 75-deg. laver iceiIpalrced toel 0ii d) u l t. ivr al 'r 10'.

A le n dl'I I 4- te iiil e e ,.I f d ispl.i% in;: iaek'.it I cringj 4elt I si the'

- e. .ee~' jpolar plot i sing the (scanl svstevoi in tile netel eifi motli, where

e.~i * .evscattering inrtensity is phctt ed as a funtd ion 4ef angl14' cif rcetat ifIII,
as showni in Fig. 8. Data for this plot were oibtained for uini-
directional [0"J3. cross-ply [00, 90*1L5_ and quasi- isotropic [0',

p-so *.~ - -9.0'900, ±45015 graphite/epoxy material. The effects of surface
x roughness are shown in Fig. 8(c) as the background speckle in

the 90* ± 12.50 directions. This roughness is the result of the
bleeder-cloth impression on the surface of the plate.

9.45 .- 5 Since the backscattering discussed thus far arises from the
~,. 135*fibers and, therefore, is highly dependent upon their orienta-

- tion, it was natural to extend these experiments to the inves-
WHERE-tigation of the effects of slight misalignments within a specific

WHERE: ply. If the focal spot of the transducer covers an area containing
0~ ~ -YFBEAOIETAIO minor misalignments, i.e., fiber waviness, and the axis of ro-

9 0 - FRPOLY AOGLENTTO tation is located at the center of the misaligned fiber bundle,
0 then this should cause a broadening of the scattering angular-

spectrum peak. For a sharply bent composite tape of dimen-
sions which are smaller than the acoustically scanned area, the
backscatter peak is broadened and splits into two peaks as

AEScLTIN6, BACI(SCArTERING - shown in Fig. 9(a). If the peak width is calibrated against known
angles of deviation, then it is a simple matter to estimate the

AMPI I ruor
a. [i

GENERAL RULE': j~ ~
-:8 CAN BE DETERMINED FROM THE ABOVE CURVE AS FOLLOWS:

9.8 B.IO',WHERE:

Figure 6- Schematic diagram of composite plate and mea- 0-+45- 8.0o e-45.
surement coordinate system. C. [01.90.±45"

1 g

. 'SURFACE

z 9 .9OROUGHNESS

* o~*0*
Figure 8-Polar plots of backscattering from three glass/epoxy
eight-ply specimens (Specimens a and b were polished). Fiber

.2 45 orientation is clearly indicated.

0-

* -4 .60*

-. 2

--- 30. @ -4

0 30 So 90 120 50 so0

ANGLE OF RoTmrioii (0). DEGREES -10

* Figure 7-Backscattering from a[0*, ~J,~O,+5,.60-2MISALIGNED FIBERS

- + 75% 0, s graphite/epoxy composite a - 40".-

the measurement coordinate system and that associated with ALIGNED FIBERSi

the composite must he carefully specified; for example, the [0% '.,o 0 30 -60

-- 15". -30", +-45% 60", + 750, 90* [ composite could easily ANGLE OF O~TArr.A ffi). CEGREFS

*become a [00, + 15% + -0% 45', + 60", -75", 90I1 if the
s peci men were inverted, making the + X axis the - X axis. In Figure 9(a) -Effect o~f fiber misalignment upon width of back-
Fig. 7. it appears that the effect of the changing critical angle scattering peak.
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local lavin,.q of the fiber tows. ''his is slhown in Fig. 9(0).
whe~re, !od avrtivunent lbtwt-,n e..tilniated an'd actoual Inixahign . ,-"

ie'nts ii, ibsvrvvd.

W hilIe it wits it relativlyl sim ple mait ter lo mneauire fibher er
rrs from peak broadening. it was far more instructive al-
though more difficult -to image the fiber array. This was ac-
complished by plotting the intensity of the backscattering as
a function of position using polar C-scan instrumentation. Care
was taken to use a focused transducer with focal spot size which
was very small (0.3 mm) compared to the wavelength of the
fiber-tow sine-wave displacement. The resulting image is shown (a)
in Fig. 10(a). As can be seen, a rather informative acoustic
image of the fiber misalignment was obtained.

As noted earlier, discontinuities scatter whenever the normal
to their surface is parallel to the acoustic main lobe of the
transducer. Transverse cracks have preferred-direction scat-
tering: and in graphite/epoxy laminates, a very strong scatter-
ing (- 30 dB) was observed. This was determined by recording
the scattering from the 90' ply of a quasi-isotropic graphite/
epoxy laminate that had been fatigued to a point where this
ply had numerous transverse cracks, as depicted in Fig. I I(a).
The experiment was conducted in such a way that only back-
scattered intensity levels above those associated with fiber scat-
tering were recorded. It is apparent that the 0.13 mm high
interply cracks are efficient reflectors of acoustic energy. It
should also be noted that the + 450 and - 45' plies both above
and below the ply of interest contained the same type of cracks; ( b)

*however, they are resolved separately as shown in Fig. 11(b).
, : The cracks are imaged on a ply-by-ply basis. A radiograph of

these specimens after treatment with opaque penetrant clearly Figure 10-Polar-scan imaging of misalignment a) sine tex-

showed these cracks and confirmed the accuracy of the acoustic ture, b) discrete misalignment of 00, ±300. Scale factor is 1:1.

image. The radiograph is not included here because the printed
picture had much less resolution than that of the radiographic
film and many crack indications were lost in the transfer pro- t

cess.
While the scattering due to the surface roughness caused by

the bleeder-cloth impression is limited to specific directions, 1.
porosity gives rise to omni-directional scattering due to the
spherical symmetry of each pore, dispersed through the com-

,0%p . posite. TJo document the effects of porosity, a [0°, 90°]2 glass/
epoxy laminate was fabricated with numerous hollow glass mi-
crospheres dusted between the 0' and 900 plies. The results
of the scattering measurements are shown in Fig. 12. Since the
outermost ply was unaffected by the porosity addition, scat-
tering from it is undiminished. However, the enhanced back-

- nground is caused by omni-directional scattering of the inter-
laminar porosity. It is also apparent that much less ultrasonic

X"energy reaches the 90' ply because its backscattering is sig-

nificantly reduced. Interlaminar porosity scatters and, there-
* fore, attenuates both the incoming and backscattered waves.

2500

% 2000.°

2000

% 00

5000 o to00 150 2000

''-u.A ANC&F rGoEE) Figure 11 -Backscattl'ring scan of quasi- isot ropic con.;,,,ite
'0. a) #=90*, b) 0T45°. Transterse cracks at 900 and 45' are

Figurc9(b) -(Comparison of measured Versus actualfiber mis- separately resolved. Specimcn was fatigue loaded to 75,; of
alignment in a single plh of glass/epoxy ultimate strength and 5000 cycles. Scale factor is 2:1.
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NONDESTIlCT1 Vi: EVA1UATrON OF FI.BER-RE]NFORCED

COMPOIITI,',S WIT1 I ACISCATT'iTRINC MIEA ;II:M ETS

R. L. Crane

Air Force Wright Aeronautical Laboratories
AFWAL/MLLP

Wright-Patterson Air Force Base, OH 45433

Y. Bar-Cohen

Systems Research Laboratories, Inc
2800 Indian Ripple Road

Dayton, O 45444

ABSTRACT: Experimental studies of acoustic backscattering in the
Rayleigh region, i.e., 0.1 < ka < 1.0, from fiber-reinforced composites
were conducted. A significant increase in backscattering was observed

4.. for those orientations which place the axis of the fibers or other dis-
* continuities at normal incidence to the acoustic beam. Using this

technique, fiber orientations and the distribution of cracks within
specific plies w3re easily mapped.

Introduction

During the past decade fiber-reinforced composites have found in-
* .? creasing utilization in'primary (safety-of-flight) aircraft components.

As with metal structures composites require detecting and tracking of
service-induced damage and general material degradation using nonde-
structive evaluation (NDE) methods. One of the most widely used tech-
niques for this purpose is ultrasonic measurements. However, this NDE
method was developed principally for the inspection of metal structures,
i.e., it is optimized for the detection of single flaws in homogeneous,
isotropic, monolithic materials. Unfortunately, the detection of flaws
in composite mate rials is particularly difficult because of the inho-
mogencous, anistropic, layered nature of the materials. Another compli--
cation arises from the fact that composites do not appear to degrade via

- the growth of a single dominant flaw, but rather by the growth of a
damage zone consisting of a myriad of very small cracks. These diffi-
culties led us to investigate ultrasonic backscattering (see Fig 1)
which utilizes the inhomogeneous, layered nature of the composite to
detect and image dominant microstructural features, such as cracks,
fibers, etc.

.resented at the 29th Defense Conference on Nondestructive Testing,
November 17-20, 1980, McClellan Air Force Base, CA; published in
Conference Proceedings.
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The scattering of waves has been the subject of numerous publica-
tions, because one can deduce much about the scatterer from measure-

ments of the angular distribution and magnitude of the scattered energy.
Recent attention to the scattering of sound waves by single objects in
homogeneous solid or fluid media has defined what information concerning
the size and identity of the scatterer can be gleaned from acoustic
measurements (see for example, Refs (1) and (2)). The situation is much
more difficult to analyze in the case of composite materials, because
sound energy is reflected at the interface between layers and scattered
by the fibers and numerous inherent fLaws within each ply. Analysis of
experimental data must, therefore, depend upon a consideration of multi-
scattering. The diffuse scattering by dispersoids has received much
attention in recent years, particularly with regard to biological
materials (3). While theoretical analyses of multiple scattering in
solids have been performed (4,5), researchers have only recently
attempted to rationalize analytical predictions with quantitative
measurements of the phenomenon. O'Donnell and Miller (6) were able to
obtain reasonable agreement between analysis and experiment for a
plastic containing approximately 4.0 volume percent voids. While this
and most previous work has been done with media containing spherial voids,
very little work--either analytical or empirical--has examined the
scattering of coaxial aligned cylinders. The analysis of Varadan, et al
(7), examined the forward scattering of randomly dispersed, coaxial
fibers; but the results are not generally applicable to composites
because of the limitation of the analysis to low-volume-fraction, non-
layered media. The work of Base and Mal (8) and Data (9) are similarly
limited in applicability. Therefore, the present work examines--from an
experimental standpoint--backscattering from composites. The results of
the experiments are quite useful to those attempting to track or monitor
mechanical damage to composites.

Experimental Procedures

Four types of composites were examined in this investigation. These
were glass/epoxy (fabricated from Scotch 1002), graphite/epoxy (T300
fiber/5200 resin), 5.6 mil boron/epoxy and silicon carbide (5.6 mil)/
titanium (Ti-6AI-4V). Various cross-ply lay-ups were used for both the
glass/epoxy and graphite/epoxy materials; but for the other two materials,
only unidirectional specimens were fabricated. All specimens consisted
of 2 - 14 plys, depending upon the complexity of the lay-up; e.g., uni-
directional panels usually contained two plys, while quasi-isotropic
panels contained eight. All systems were fabricated using standard
autoclave cycles which had been optimized for minimum porosity in the
finished laminates. One specimen was specifically designed to contain
a high level of interlaminar porosity. For this purpose, hollow glass
micro-spheres1 - 80 um in diameter were dusted between glLss/epoxy tapes
during lay-up. Because of the highly localized nature of the porosity,

133



no attempt was made to accurately measure the volume fraction of
porosity. However, estimates of thc amount from gravimetric measure-
ments indicate it to be - 2.0 percent.

The instrumentation used in these experiments is shown schemati-
cally in Fig 2. The 6.35 mm (0.25 in.) diameter piezoelectric trans-
ducer was driven by a Panametrics PR5052 pulser/receiver. The center
frequency of the interrogating pulse of ultrasound was varied from 5.0
to 20.0 MHz. This gave values of ka in the range 0.1 to 1.0--where k
is the wave number and equal to 2 '/wavelength, and a is the nominal

diameter of the scattering object. In several experiments data were
time-averaged using a Princeton Applied Research box-car averager to
reduce system noise.

Referring to Fig 3, backscattered data were taken for angles of
incidence in the range 00 < a < 900 and angles of rotation in the
range 00 < < 1800. It should be noted that the angle a is always
measured from the vertical, and B is measured clockwise with respect
to the plate x-axis. This is similar to standard notation of ply
orientation. In the experiments in which 8 was varied, the specimen
was mounted on a rotating table in a water bath which served as an
ultrasonic couplant and delay line. The amplitude of backscattered
sound was recorded as a function of angular position.

Results and Discussion

The backst-attered ultrasonic signal for a typical unidirectional
composite material is shown in Fig 4. It is obvious from these data
that a maximun in backscattered energy occurs over a small angular
range on either side of normal incidence to the fiber axis. That is,
reflection of the ultrasonic beam occurs only when the incident beam is
approximately at right angles to the axis of the fibers within a parti-
cular layer. The effect of surface roughness is also shown. While
surface roughness was not a problem in most experiments, the surfaces

of several specimens were sanded smooth to permit accurate imaging of
small defects.

The backscattering as a function of angle of incidence, a, for both
unidirectional glass/epoxy and silicon-carbide composites is shown in
Fig 5. Even though the specimens were quite thin, i.e., two plys, the
effects of angle of incidence are adequately demonstrated. The peaks
in both curves occur at two quasi-critical angles. Because both the
longitudinal and shear-wave velocities change as a function of a and 8,
the curves in Fig 5 change with each new orientation, 8, of the trans-
ducer and specimen. Since backscattering is more intense at the critical
angles, most experiments were conducted at the angle of incidence which
provided the most intense signals.
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Backscattering as a function of angle of rotation, , for quasi-
isotropic graphite/epoxy is shown in Fig 6. It is quite obvious that
each layer of the composite reflects over a small range of angle a .
Since the frequency of the insonifying pulse was - 5 MHz, the ka is
0.16, assuming the wavelength of the fast shear wave to be 0.37 MM.

Rayleigh scattering predominates in this region of ka. It was also
noted that the intensity of the scattering from glass/epoxy is -3 to 5
dB higher than that from the graphite/epoxy composite. This is pre-
sumably due to the much larger difference in acoustic impedance between
glass and epoxy as compared to that between graphite and epoxy-the
acoustic impedencesof graphite, glass, and epoxy are 6.89, 14.48, and
3.48 x 105 gm/cm 2 sec., respectively. The difference in impedance for
glass/epoxy is almost three times that of graphite/epoxy. This cannot
completely account for the difference in scattered. intensity since the
difference in fiber/scatterer diameter and the number of scatterers per
unit volume must also be considered. Unfortunately, the only models of
scattering from a layer of cylinders developed thus far present quite
difficult computational problems (10). Therefore, a rationalization of
analysis and experiment is not possible at this time.

A schematic diagram demonstrating the angular relationship between
the scattering angle, , and ply orientation is shown in Fig 7. The
only point that should be noted from this diagram is that the x and y
axes of the composite plate Ere uniquely related to the axis of the
scanning system. The scan of a specially fabricated graphite/epoxy
composite is shown in Fig 8. In this case it is obvious that in order
to uniquely specify ply orientation, the relationship between the
measurement coordinate system and that associated with the composite
must be carefully specified; for example, the {O° , -150, -300, +450,
-600, +750, 900)S composite could easily become a {0°, +150, +300,
-450, -600, -750,900} if the plate were inverted so that the +x axis
becomes the -x axis.

A polar plot of scattering intensity as a function of angle of
rotation is shown in Fig 9. Data were obtained for a unidirectional,

fol 8' fo 900O2S and quasi-isotropic (00, 90° , +450}S graphite/epoxy
material. The effects of surface roughness are shown in Fig 9(c) as
the background speckle with a preferred orientation in the 00and 900
directions. This is the result of the bleeder-cloth impression on the
surface of the plate. If a strippable lacquer is used to coat the
surface, then a reduction (- 2dB) in scattering from surface roughness
is observed.

Since the scattering discussed so far arises from the fibers and
is dependent upon their orientation, it was a natural extension of these
experiments to investigate the effects of slight nisalignm-ints within a
specific ply. If the focal spot of the transducer covers an area that
has minor misalignments, i.e., fiber waviness, then this should cause
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a broadening of the scattering peak. For sharp bends in the composite
tape, peak broadening eventually leads to two peaks as shown in Fig 10.
If the peak width is calibrated against known angles of misalignment,
then it is a simple matter to estimate the local waviness of the fiber
tows. This is shoun in Fig 11 with good agreement between estimated and
actual misalignment.

While the scattering due to the surface roughness caused by the

bleeder-cloth impression is limited to specific directions, porosity

gives rise to omnidirectional scattering due to spherical voids dispersed
throughout the composite. To document the effects of porositya
{0°, 9 glass/epoxy laminate was fabricated with numerous hollow

' epoxy microspheres dusted between the 00 and 900 plys. The results of
the scattering measurements are shown in Fig 12. Since the outermost
ply was unaffected by the porosity addition, scattering from it is
undiminished. However, the enhanced background caused by omnidirectional
scattering of the interlaminar porosity is most evident. It is also
apparent that much less ultrasonic energy reaches the 90o ply since its
backscattering is significantly reduced. Interlaminar porosity scatters
and, therefore attenuates both the incoming and backscattered waves.

While both porosity and the fibers of a composite are strong
scatterers of ultrasonic energy, cracks should be even stronger scat-
terers. This supposition was tested by recording the scattering from the
900 ply of a quasi-isotropic graphite epoxy laminate that had been
fatigued to a point where the 900 ply had nunerous transverse cracks.
The experiment was conducted in such a manner that only backscattered
intensity levels above those associated with fiber scattering were
recorded. The results are shown in Fig 13. It is quite obvious that
interply cracks are being recorded and not the fibers when the fatigued
specimens are compared with unloaded or pristine specimens. It should

*. also be noted that the +450 and -450 plys both above and below the ply
of interest contained the same type of cracks, but these are not shown.

., A radiograph of these specimens after treatment with opaque penetrant
clearly shows the extent of this damage. The radiograph is not included

for two reasons. First, the printed picture has much less resolution
than that of the radiographic film, and many crack indications are lost
in the transfer process. Second, since the acoustic image is obtained
off the axis of the crack, several cracks may appear as one, limiting a

• * :one-to-one correlation.

-~ Conclusions

The conclusions of the study are summarized below:

1. The ba:kscattered acoustic field of a composite can be utilizedI; to determine both gross fiber orientation and small misalignments of
fiber bundles in a specific ply.
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2. If the backscattered acoustic field is sampled in a rastered
pattern across a composite plate, then it is possible to image or map the
Intralaminar cracks associated with ply failure. The process is analo-
gous to c-scanning. The only difference in the technique is that the
interrogating transducer must be carefully oriented with respect to both
the composite plate and the probable orientation of flaws within a ply.

3. Work is continuing on a method of separating the omnidirectional
scattering of porosity from that of oriented flaws. If this process can
be made quantitative, then a tool will be available that will permit
mapping of most of the currently known pernicious flaws in a composite.
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APPENDIX E

C-SCAN SYSTEM

ANALOG-TO-DIGITAL UNIT

A 12-bit analog-to-digital (AID) converter unit is used to digitize and store

one scan line of a C-scan (see Fig. E-l). Digitization is accomplished with

a Datel/Intersil Miniature Modular Data Acquisition System, Model MDAS-16.

Up to 16 separate, single-ended, analog inputs are available. Control of the

A/D is maintained with a microcomputer (PC). A Motorola MC6809E was chosen

as the microprocessor (pP). The A/D may be triggered from two sources--the

PC and an external device. An external trigger would originate from an

instrument such as the position encoder unit. A detailed description of the

MDAS-16 can be found in the specification sheet on that item.

Operation of the A/D unit is controlled by the PC. The PC consists of a

microprocessor unit (MPU or pP), 3 Kbyte of random access memory (RAM)

including 1 Kbyte for scratchpad use and 2 Kbyte for buffer storage, provi-

sion for up to 8 Kbyte of erasable/programmable read-only memory (EPROM), an

IEEE-488 Interface, and two peripheral interface adapters (PIA's).

EPROM is used to store the program which the PC employs to control its

operation. This program divides the duties of the PC into two main parts--

one which reads the output of the MDAS-16 when it has acquired data and then

stores that data in the buffer memory and the second which controls the

communication of data and commands over the IEEE-488 interface bus [also

referred to as the general purpose interface bus (GPIB)]. Since the A/D has

12-bit words, up to 1024 data points can be stored in the buffer memory.

With an appropriate change in software, fewer bits of the A/D could be used,

thus increasing the storage capacity of the buffer.

The MDAS-16 is presently wired for + 10-V signals. The digital output is in

2's complement form. The PIA's are used to interface the A/D with the PC.

Channel selection is controlled by the PC through the GPIB. An L.E.D.

display is used to indicate to the user which channel is active.
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As stated, the A/D unit is capable of receiving commands/data and transmit-

ting data over the GPIB. Electrically this is accomplished by means of a

Motorola MC68488 GPIA integrated circuit along with two MC3447 bus trans-

ceivers. The GPIA handles the GPIB protocol to relieve the UC of that task.

Through the GPIB an external controller such as the LSI-11 or HP-9825 com-

puter could change channels, initiate an acquisition sequence, change the

number of data points taken, etc.

The front panel of the instrument has only two switches--a power switch and a

reset switch. The function of the power switch is obvious. Actuation of the

reset switch causes the reset input of the UP to be asserted, the result

being the same as if the unit were turned off and then on again. It is

faster to reset the unit in this way due to the fact that the power supplies

remain active for a short period of time after the power to the unit is

turned off. Internally a set of switches defines the A/D's address on the

GPIB. The address chosen should be different from that of any other device

being used on the same GPIB system at the same time.

POSITION ENCODER UNIT

The purpose of the position encoder is to supply trigger pulses to the A/D

unit at programmed intervals-of-distance of a mechanical translator. As with

the A/D unit, the position encoder (PE) uses a VC to control its operation

(see Fig. E-2). Interfacing to the C-scan computer (LSI-ll) is accomplished

with the GPIB. Provision is made for the future addition of electronics to

handle the output of a rotary shaft encoder during the performance of polar

scans.

Position information is obtained from linear-scale optical spars located on

the C-scan water tank. Two axes are supplied--X and Y. Pulses from the

spars are processed by a digital readout system manufactured by Mitutoyo.

For operation in the English system of measurement, the resolution is

0.0005 in. The position displayed is a distance relative to a user-defined

zero reference point. Multiplexed binary-coded-decimal (BCD) information is

available on connectors at the back of the readout system. Modifications to

-. ". some of the signal lines going to these connectors allow other internal

'  signals to be used by the PE.
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Level translators are used to interface the Mitutoyo readout system to the PE

since the logic circuits in the readout system use a + 12-V power supply,

while those in the PE use + 5V.

Programmable up/down counters are used to count conditioned pulses from the

spars. The three counters are: position-change (PCC), trigger (TRC), and

overscan (OVC). One set of counters is used for both axes. Only one axis at

a time is used to generate trigger pulses, the one used being determined by

external programming. The frequency of trigger pulse generation, in terms of

distance traveled, is determined by the PCC. If the decision is made to

N generate a trigger pulse every 10 mils, the PCC is programmed to count 10

pulses (it counts 1.0-mil displacement pulses). For every trigger pulse

generated by the PCC, the TRC is decremented by one. The TRC is programmed

with the number of data points to be taken on one scan line. When the TRC

reaches zero, trigger pulses are inhibited and the OVC tracks the mechanical

translator.

Both the PCC and TRC are wired as down counters, while the OVC is wired as a

true up/down counter. The PCC generates the trigger pulses.

The PC for the position encoder is essentially the same one used for the A/D

unit. There are slight differences in some of the integrated circuits used.

The main difference is that less RAM is used (no buffer storage is required)

-- and no PIA's are incorporated. The programmable counters are memory mapped.

There are two types of outputs for the trigger pulses; the primary one drives

a TTL open-collector transistor, and the second drives a 50-0 load, such as a

terminated coaxial transmission line.

• The BCD data from the digital readout system are also provided. It may be

desirable to have this information, although it is not used as position

feedback for the stepper-motor control system. Therefore, these data are

made available to the PC and thus to the LSI-11 (through the GPIB).
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DETECTION OF DEFECTS IN COMPLEX-SHAPE STRUCTURES

.7N. K. Batr
, Systems Research Laboratories, Inc.

2800 Indian Ripple Road
Dayton, OH 45440

and

R. L. Crane
NDE Branch

AFWAL Materials Laboratory
Wriqht-Patterson Air Force Base, OH 45433

AmaufAbstract
. - A major limitation to the manu acture of net- and near-net-

%* % shape components is the inability to perform an adequate
.%ultrasonic inspection of the part. The lensing of the sound

beam in areas with small radii of curvature creates blind or
uninspected zones. The fabrication of a mating part which
would encapsulate the component could substantially alleviate
this difficulty. To investigate this concept, a half-cylinder
with a near-surface defect along with its mating part was
fabricated and used in a parametric study of the important
acoustic parameters. The two blocks were acoustically coupled
with water and the transmission and reflection coefficients
determined as functions of the angle of incidence. It was
demonstrated that with adequate precautions, ultrasound can be
transmitted into a complex-shape part, and the backscattered

* signal from defects may be detected for angles of incidence up
to 800 Results are compared with theoretical predictions.
Application of the above technique to practical complex-shape

4, structures is discussed.

1. INTRODUCTION

A major limitation to the fabrication of shapes for nondestructive inspection of

r net-net-shape components is the current complex-shape parts, a quantitative

inability to perform adequate non- description of the process and its

destructive inspection of the entire advantages and disadvantages is lacking.
volume of the part ultrasonically. This This paper presents a description

is principally due to two phenomena which of an investigation into this concept.

are inherent to such inspection process: 2. THEORETICAL CONSIDERATIONS
1) a "dead zone" caused by the large

The propagation of sound through layered
man-surfce reflection rh fasst media has been of longstanding interestmany reflections from small flaws just(12

beneath the couplant/part interface, and to the seismological community. More

2) the lensing of the sound beam in areas recently the problem of acoustic-wave

o n e r c e t Tinteraction with a fluid layer sandwiched.[ of enhanced stress concentration. The

use of a mating part which would encap- between two solid half-spaceswas examined,r_..4%'"' by Chang, et al (3 ) .ntercnsdrto

sulate the component could substantially by Chang, et al, in their consideration

a a s r iWof the ultrasonic reflectivity of fatique; ' alleviate this latter difficulty. While

,V ... some inspectors have used simple matching

O Presented at the 13th Symposium on NDE, April 22, 1981, San Antonio, TX;
published in Conference Proceedings.
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cracks. With such literature readily and duration are incident upon the flui,

available, only the essential features layer. This assumption is not violated

of the boundary-value problem will be in practice so long as tone bursts of

considered here. Before beginning, it acoustic energy are long in duration as

should be noted that it was quite temp- compared to the travel time across the

ting to utilize the formalism for layer. Second, the angle of incidence

layered media suggested by Thompson
(4'5 )  must be small or the layer sufficiently

(6)
and reviewed by Brekhovskikh to thin to permit much of the incident beam

develop the necessary analytical expres- to reverberate many times within the

sions. Unfortunately, one soon dis- layer. If these conditions are met, a

covers that several elements of the steady-state solution for each layer may

%,- transfer matrix which relates the veloci- be written in terms of longitudinal (*)
% ties and stresses at one interface of the and transverse (0) wave potentials

fluid layer to those at the other contain

the Lame constant P for the layer. Since 01 1A e i (wt-a x -d 1y )+s 1e i (wt- ax d ly )

U is the shear modulus of the layer,

this simple approach is inadequate. wDlei(t-ax+elY)

Attempts to retain this constant and

make it vanishingly small in the final . ()

algebraic reduction of terms were unsuc- 2 A2 e2

cessful. For this reason, the problem

is formulated as a simple boundary-value 43Ae3 e a 3y)

problem as shown in Fig. 1.

40 3= D3ei(wt-ax-e3y)

V S Ale' {wt-aX-dl)

- P c.where A e t ly) is the incidentP 8. P P, Cl.b I

longitudinal wave and the constants in
SOLID

Y'O X the exponentials are defined as follows:

FLUID 82 P P2a d 1 = k 1 coselod 2 k2cose 2 0d3 =k 3cose 3

'.9. p
e~ 1 C0SY 1 . e3 COSY

Ysh e l _____s____
3  

3 3

SOLID (2)
p3*C3ob3  kn- =2if/cn,'n 2,f/bn

P ~ w -2wf

with f being the frequency of the inci-

dent wave and c and b the longitudinal

and shear wave, respectively, for the
Figure 1. Schematic Diagram of Fluid appropriate media. Snell's law is

Layer Sandwiched Between defined as
Solid Half-Spaces.

TWO important assumptions will be made a k sine -k sine =  sine

in order to simplify the analysis. OK siny - siny 3  (3)

First, plane waves of infinite aperture 1 1 3 3
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It should be noted that this law has two generated data for conditions in this

consequences. First, the incident and study are shown in Figs. 2-5. These

exiting longitudinal waves are parallel. will be dealt with more extensively
Second, since the fluid media will later.

nearly always have the lowest wave it is instructive to consider the

speed, the angle of incidence at either special case of a fluid layer sandwiched

interface will always be less than the between solid half-spaces. For this
first critical angle. case, there are only four wave-potential

The boundary conditions that must be equations and two boundary conditions at

satisfied in this problem are the each interface. This leads to a matrix

continuity of the normal components of of four equations which can be solved

displacement (v y) and stress (O yy). In with a moderate amount of effort. The

• addition, since the layer is a fluid, equation for the transmission coeffi-
the tangential component of stress (T ) cient is

xy
"" must vanish at both interfaces (y = 0

and y = h). These conditions may be A 3  2c3cose leiln

expressed as follows. At y = 0 A 2cOS2( 2s n2 2 1/2

1 c 1cose3 [E~cs (d 2 h)+F sin2 (d h)]

V y(1) y---T--=--= vy(2) where E=(p3dl/01d3) +1 and

2 2 =P )+
4 ()-12i+2b _

' ,  +  
F d/ol d

r 22. (4)

.- 02W2Oyy(2) If the phase factor eln is ignored, then

"2 1  a2, 1 2 I  it is apparent that maxima in the trans-

xy ay 2 ax mitted energy occur for values of

A similar set of boundary conditions d2h =(whcose2/c2 ) equal to an integer
multiple of w. For the case of normalSholds for y =h. Substituting Eq. (1)h fSb t qincidence, the resonant coupling of

'- ~ into the boundary conditions (4) yields.,- energy across the liquid layer is per-

six simultaneous linear equations. The fect, i.e., A /A -1. Since the trans-

unknowns BI , Di, A2, B2, A3, and D3 are cendental terms that occur in the ana-

usually separated from the known quan- lysis of the solid/liquid/solid have the

tity A1. However, in the present case, same argument as those in Eq. (5), it

only the ratios of the amplitude func- is not surprising that the resonant

tions are solved for, i.e., the longi- coupling occurs here too for values of

tudinal and shear reflection coefficients d2h -nw, n =l, 2, etc. This resonant

SB/A1 and D1/A1 and similarly the trans- condition can be satisfied by a suit-

mission coefficients A 3/A1 and D3/AI. able choice of the independent variables

It is a simple matter to write a compu- w, h, and 81, as demonstrated in Figs.

ter program to solve the equations 3-5. This phenomenon is well known in

utilizing standard matrix methods. If optics and is used in the coating of

the reflected and transmitted power lenses to diminish glare. Our attempt

densities are normalized to the area of here is to apply it to the transmission-her ihe toidn apply ite tonergtrnsmisio
the incident beam, then energy-flux of sound in complex-shape objects.
coefficients for each wave are

obtained. Plots of typical computer-

.
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Figure 2. Transmitted (Curve with Circles) and Reflected Energy-
Flux Coefficients Versus Angle of Incidence. A 10-MEz
Longitudinal wave is incident onto a 0.005-cm-thick
water layer sandwiched bretween two aluminum half-spaces.
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FREQUENCY OF INCIDENT WAVE (11HZ)

Figure 3. Transmitted (Curve with Circles) and Reflected Energy-
Flux Coefficients Versus Frequency of the Incident

• ' Longitudinal Beam. The beam is incident normal to

a .O5-cm water layer sandwiched between two aluminum
hal f- spaces.
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- Figure 5. Transmitted (Curve with Circles) and Reflected Energy-
Flux Coefficients Versus Thickness of Water Layer in an
Aluminum/Water/Aluminum Structure. The angle of incidence
is 250 for the longitudinal beam, and the frequency is
10 Mz.
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3. EXPERIMENTAL PROCEDURE Since the interface fluid layer is very

4 For a systematic study of the trans- thin the lateral deviation of the

% mission across a fluid layer sandwiched transmitted wave across the interface

between two solid media, a semi- into the mated part is very small.

cylindrical specimen as shown in Fig. 6

A schematic diagram of the instrumen-

, tation used in this series of experi-

ments is shown in Fig. 7. The received

Figure 6. Simulated Defect in Complex-
Structure; Structure is Shown
with Mating Part.

was fabricated. The half-cylinder and

its mate were carefully machined to be

within t 0.0127 mm (0.0005-in.) of

perfect matching, including the 0.05-mas

fluid layer. This specimen was designed

to permit ease of variation of the angle

of incidence. The layer thickness was4 hld onsantt 0051- (.000 ~Figure 7. Experimental Setup for
held constant at 0.051 mm (0.0020 in.) Detecting Defects in Complex-
via the surface tension of water. No Shape Structures.
measurable variations of layer thickness signal is gated and amplified by a Katec

were noted for either changes in tem- receiver (Model 625). A Princeton
perature or the pressure of the contact. Applied Research box-car signal averager

These measurements were made with a (Model 162) was used to improve the

cathetometer and are accurate to within signal-to-noise ratio. The signal was
0.001 mm (0.0005 in.). The half- recorded digitally with a Northern

cylinder contained two 1.37-mm (0.054- Scientific signal analyzer (Model 575)
in.) diam. side-drilled holes; to permit convenient plotting with the

one was placed 1.5 mm (0.006 in.) and x-y plotter.

the other 1.2 cm (0.5 in.) from the
4. RESULTS AND DISCUSSION

convex surface, and both were drilled

to a depth of 3.8 cm (1.5 in.). The The results of the analytical develop-

block was placed within a water bath ment are plotted in Figs. 2 and 5. In

S., that served both as a couplant and a Fig. 2, the longitudinal energy-flux

% delay line. In the experiments which coefficients are plotted as a function

**p utilized contact transducers, a couplant of angle of incidence to the layer for

consisting of glycerin was used to ring a 10-MHz acoustic beam. Only the

* the transducer onto the specimen. longitudinal energy ratios are plotted;

Because of the size of the aluminum- the shear components were calculated,

block specimen, the results were inde- but they are not plotted in the

pendent of the coupling method. interest of clarity.
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The rather smooth curves are a result of the half-cylinder alone and then the

the fact that there are no critical half-cylinder with its mate. The

9.V angles for this structure. This would

be true for most metal/water/metal - Msystems. Figure 3 iLs a computer-gener- 41 .0+n +MM' LWM Wine -w MM

sted plot of the energy-flux coeffi- 
a en' M W

cients as a function of the frequency 
-

of the incident longitudinal acoustic ,

wave. The angle of incidence is 00,

and the thickness of the water layer is

0.005 cm (0.002 in.). Note that the

peak in the transmitted energy occurs
at 14.8 MHz, as predicted by the

equation d2h-ni. Comparing the results W o W so M a so

in Figs. 3 and 4, it is apparent that SIOF OEWWES)

the maximum is shifted to -14.9 14Hz Figure 8. Transmitted 10-MHz Longi-

and decreased in amplitude as the angle tudinal Signal Through Near-
Net-Shape Structure Versus

of incidence is increased to 250. Angle of Incidence. Solid
% Similarly if the frequency of the line is theoretical curve.

(0) are experimental points
incident wave is held constant at 10 MHz with mating part, and 03l) are
and the thickness of the water layer is points without mating part.

Note that practically novaried, then the curves in Fig. 5 are signal is transmitted for
obtained. As in the previous case, the angles of incidence greater

than first critical angle
lower energy transfer is due to the 250 through domplex-shape part
angle of incidence. The maximum in without mating part.

transmitted energy occurs for a thickness transmitted acoustic signal was dis-

of 0.00745 mm (0.003 in.). In this played on an oscilloscope and calibrated

investigation if either a layer thick- in dB. The noramlized data for the half-
ness of 0.00745 cm with a 10-1KHz transmitted longitudinal energy for the

longitudinal wave, or conversely, a cylinder with its mate are plotted in

15-MHz beam with the 0.0051-cm water Fig. 8. As expected for the half-

layer had been examined, then much cylinder in water, the transmitted

larger transmitted signals would have longitudinal energy quickly falls to zero

been observed. Unfortunately, experi- at the first critical angle at 13.80.

mental difficulties did not permit the In all cases the theoretical curve was

examination of either of these optimum normalized to the normal-incidence

situations. The available transducers energy level. The addition of the mating

limited the frequency of consideration part to the half-cylinder dramatically

to 10 14Hz, and the surface tension of changes the amount of energy transmitted

water and the geometry of the cylinder to the receiving transducer for angles

limited the layer thickness to 0.005cm greater than 80 . However, at normal

(0.002 in.). incidence the two additional interfaces

To test the validity of the theoretical and additional 2.54 em of aluminum

development, the levels of transmitted decreases the transmitted longitudinal

longitudinal energy were recorded as a signal by 7 6B. The amount of acoustic

function of angle of incidence using energy transversing the specimen remains
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effectively independent of angle of between theory and experiment is quite

incidence to- 800. While this could be good up to an angle of incidence of -5.

predicted from the analytical data of The agreement is due, in part, to the

Fig. 2, such good agreement is sur- fact that the same-size cross-section

prising, given the assumptions of the reflector was seen by the acoustic

analysis. The frequency of the incident beam, independent of the angle of

pulse is not constant; furthermore, the incidence. It should be noted that the

small beam diameter should have resulted more rapid fall-off of the reflection
- in substantial deviations between theory signal is due to the fact that the

and experiment at angles greater than acoustic beam must traverse the water

300. layer twice, suffering losses due to

reflection on each pass. It should also
Because of the excellent agreement be noted that both side-drilled holes
between theory and experiment for the
ta. ewere temporally resolvable on the
t s sexperiments , ak cotin oscilloscope. While the reflection fromexperiments were undertaken. For this the fluid layer is large, it is dimin-

purpose holes were drilled into each
fae oished by the present geometry to permitxface of the half-cylinderad al resolution of the backscattered signal
exclude water so that the cylinderical from near-surface voids.
defects present nearly an infinite

impedance mismatch. The half-cylinder To demonstrate the practical convenience
and matching shape were placed in a of using mating parts, a common 16-rm
water bath and the backscattered (5/8-in.) diam. bolt with a hexagonal
amplitude recorded as a function of nut, with opposite faces 24ram (0.93 in.)

angle of incidence. Data were apart, as its mate was examined in a
normalized to normal-incidence data and water bath. For this purpose two match-
plotted in Fig. 9. The agreement ing transducers were aligned perpendicu-

- HflETCAL lar to a face of the nut. When this
4. I0NMSXK assembly was placed in the water bath,

o the transmitted signal was clearly

apparent at the proper time for trans-

mission across a steel nut/bolt assembly

(Fig. 10). In order to ensure that this

is indeed a signal transmitted through

the threaded bolt and not surface waves

% 4transmitted through the sides of the nut,

* the following experiment was performed.
a. t sL o 4C (o W;6 A nut, without bolt but with the hole

Figure 9. Backscattered, 10-MHz Longi- covered to exclude water, was placed
tudinal Signal from Defect in under water using contact transducers.
Complex-Shape Structure
Versus Angle of Incidence. No transmitted signal was observed
Solid Line is theoretical (Fig. lib). For the same experimental

"O Curve. (0) indicate back-
% scattered signal from near- setup with nut and bolt, a large trans-

surface defect, and 03) mitted signal was noted in the appro-
indicate backscattered signs

. from defect in bul f priate time window (Fig. lla).
complex-shape component.

.O.
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-a

%'

Fu 1 a R ( S) (a)

--. ,(b) 
(b)

Figure .a) Received Signal Through 
Figure l. (a) Transmitted Signal

Water When Two Trans- Through Bolt and Nut
ducers are Aligned. Using Contact Transducers.

.'.-" (b) Transmitted Signal Through (b) Transmission Through Air-
Assembly of Bolt and Nut tight Nut. Absence of
Intercepting Transducers. signal indicates absence
Notice that signal is of surface waves throuqh
attenuated and arrives sides of nut.

* -llusec earlier due to
higher speed of sound in To examine further the potential of thest e . p er t ac above results for detecting the defects 

'

S..'s 

t e e l . U p p e r t r a c e i 
s

pulse-echo signal from
front surface of nut. in the bolt, the backscattered signal

from various interfaces was studied

using the contact transducer on the nut

r and bolt in a water bath. Backscattered

signals from both the front and the rear
, interfaces of the inside surface of the

mating nut with the bolt were observed

0,
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at -1.8 and 5.8 usec, respectively transfer of energy across a solid
(Fig. 12). The temporal position of couplant layer. Highly efficient tran-

mission of both longitudinal and shear

energy is possible with such a system.

% This supposition is borne out by the

results of the analysis shown in Fig.

13. The choice of an inorganic salt as

a couplant is not so unreasonable as it

might appear. Since many of these

compounds melt at quite low temperatures

(190 0 C for ADP), it is conceivable that

they could be cast between a part and

its mate and then separated after in-

spection, either by remelting or dis-

solving in water.
Figure 12. Backscattered Signal from

the Front and Rear Inter- 5. CONCLUSION
faces of the Inside Surface T

of Mating Nut and Bolt. This study has demonstrated that it is
Calculated position of sig- theoretically, experimentally, and
nals X1 (1.8 usec) and X2
(6.2 usec) agrees well with practically possible to utilize effect-
observed values of 1.8 and ively the concept of a mating part to
5.8 tisec, respectively. ia
If there were defects in the inspect ultrasonically complex-shape
bolt, the backscattered sig- components. It is possible to inspectnal would be above the noise '
level and would lie between not only defects in areas that result
X and X2 . in very high angles of incidence but

also defects nearer the surface which
these echoes agreed well with the calcu- are more easily detected because of
lated values of 1.8 and 6.2 usec,which the reduced interface reflections. In
demonstrates that an appreciable amount addition, the inspection can be con-

of acoustic energy can be transmitted ducted in a straightforward manner
into a structure having an irregular without any spatial reorientation of the
shape surface such as a threaded bolt. transducers. Also considered, but not

At the conclusion of this study, the experimentally investigated, was the

possibility of designing a matching part possibility of using a solid couplant

and couplant system that would transfer layer between the component and its

energy more efficiently at all angles of mate. This would permit the use of

incidence was considered. The analysis shear-wave inspection techniques with
of the interaction of acoustic waves and their inherently simpler interpretation.
solid layers by Schmerr (8) was used. ACKNOWLEDGEMENT

In this analysis the part and its mate
were assumed to be aluminum, and the Cor suppoei5 tnrS

., Contract F33615-80-C-5015. .
intermediate layer was specified as t'ie

.4 inorganic salt ammonium di-hydrogen phes-

phate (ADP). Since both the longitudi-

nal and shear-wave speeds for ADP are

quite high,(9) there should be efficient
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(b)K Figure 13.(&) Transmission of 10-14Hz Longitudinal Wave Incident upon
Al/ADP (0.031 cm)/A1. Transmitted longitudinal wave is

* almost constant up to an angle of incidence of -600.

(b) Transmission of 10-M4Hz Shear Wave Incident upon Al/ADP
% (0.031 cm)/Al.
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EFFECTIV.: INTERFACIAL CONITIONS FOR ELASTIC WAVE PROPAGATION

IN MFDT', SEPAP NTED BY THIN ROUGH LAYERS'

by

Adnan H. Nayfeh
Consultant, Systems Research
Laboratories, Dayton Ohio

ABSTRACT

Effective approximate interfacial continuity conditions are derived for

the proplaqation of elastic waves in two solid media that are separated by a

,jet ilc-itly rough-surfaced laye-r. For small laye.r thickneos and rouqhness,

supe,'rimposed off'.cts in the foims of jixmps in stresses and displacements

acre,::: tho l.i-/r's :;urfac; at,, obtain..1. When examined in conjunction with

-v. exi ";t i w;O,1 10 ions for :;mooth inl !rf.,cote there new conditions are found to

* j' l~r,-dli,-t an.I ,,:.ie the various effetu; produced by roughness. These inc!lide

h.' p.redictiotv of sc-ittering directionxs, range; (in freiu-n,-y and an ils of

inci ,n.:,) of surface wave excitations and mode conversions. Results are

found to compare favorably with existini experimental data.

h R,7 $ar]isi :;up.port.-,, by Nsr Grant CME 80210',4 anI AF Contrac 1.33615-80-C-5015.

In Preparation for Publication.
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beer. of interest tO 7 seairchers in the fi elds of geophysics and acoustics.

~the predictions of earthquakes, underground fault mapping. oil and gas

. "exploration, archizectual noise reduction, and the d,,sign of ultrasonic trans-

% .ducers. Common to all. of these studies i , the degree of the interactions

,, 'between the layers, which ma nifest themselves in the form of reflection and

S.

transmit s~on coefficients. These interactions depend, among Many factors,

~0

N upon the properties, direction of propagation. frequency of the incident waves, and

. number and nature of the interfacial conditions. Extensive works on this

,'. subject until the mid 60's have been reported in the literature as is evidenced

1- 2

from the books by Ewing, Jardetzky and Press
I 

and Brekhovskikh
.

* -, -In recent years further advances in the study of elastic waves in layered

media have resulttd fro the analysis of the dynamic behavior of composite

.- ,materials. 35Most of layered media, and in particular those which are man-made,

are coposed of thin laers bonded together with various ag ts. In assessing

the influence of thin interfacia layers on the overal behavior of the medmua oa

have o . approximate analysis which ignores the det rals of the propagat n

process in the layer but includes its influence in a modifier to the stress

interface continuity, conditions. 
6
,
7 

The basic premise which led to this approxi-

mation is that for very thin layers the detailed analysis may be unnecessary in

light of the fact that the variations in displacements across their thicknesses

will be small.

In most applications, the material surface interface exhibits some degree

-°,

**~o roubtwentesslayers whic reaie tele n teor of rogns electiuon and

N 
17 5

.10
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su , ces giv, ri , to wav, s'.cr.n, an.; hence to moie conversi,rn and aLtenutt3Jn..

Rough surfaces also vary in severity; the distribution of roughness ma": be

t or,9l1v or com,)ierely r andom. For an orderly (i.e. prioic) ro,-'rhness the

amulitude and period of the undulations completely specify the geometry. It is

obvious that orderly rough surfaces have effective thicknesses whose values are

the distances between the lowest and-highest peaks.

The scattering of elastic waves by periodically rough surfaces have been

the subject of numerous investigations both analytically and experimentally.

La Casce and Tamarkln 8" seem to be the first to present experimental data on the

scattered elastic waves from a periodically rough surface. They compared their

data with the then existing theories of Rayleigh, 9 Eckart1
0 and Brekhovskikh.

1 1

All of these theories were approximate and dealt with nonpenetrating solids

(i.e. in all of these the reflection coefficients were assumed unity). However,

' several recent investi-ations have been reported in the literature which deals
.w

with scattering from elastic rough surfaced media; these include the experimental

investigations of Jungman et al, 1 2 the theoretical and experimental investigations

of Chuanq and Johnson, the experimental investigating of Breazeale and

14 15-18
Torbett and the theoretical investigations of Fokkema et al. Jungnan

et al presented several experimental resu!ls which clearly demonstrated the

existence of sharp minima in the spectra of the scattered waves. These minima

are similar to anomalies observed in 1902 by Wood and Optics19 and which had

prompted the early theoretical investigations of Rayleigh and more recently of

20 13Hessel and Oliner. Chuang and Johnson investigated theoretically and

K,> experimentally the scattering of elastic waves from liquid-solid interfaces using

- an extended boundary conditions approach. The elastodynamic diffractions from
15

a variety of two media interfaces have also been studied by Fokkema and Van den Berg 1'

16-18
and by Fokkema using an integral equation representation.

Generally speaking periodic surfaces scatter waves along preferred directions.

_ As will be seen later, these directions are uniquely defined by specifying the

S. ,.

r.r
6
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frequanc', dire:ction of propaation and pericdicicy of the surface in Accorlance

w.th a grating formula that is analoous to that used for the rypt cal phenomrenon.

'V rhi amlitud,_ of the scattered euerzy alonu these directions, will -ila' depend cpon

' the depth of the rcuzhness, however.

In this paper we take a rather simple approach to characterize the influence

* ~of interfacial roughness. For surfaces whose roughness is assumed "small" (this

will be quantified late:, once the function charactertzin the rouchness is

specified) we could construct an approximate model in which the effect of roughness

manifests itself as a modifier to interfacial continuity conditions. Specifically

it will result in jumps in the interfacial stresses which otherwise will not

exist at flat interfaces. The nature of these jumps will be different from those

due to the inclusion of a thin smooth layer. This occurs because the jumps due to

roughness are geometric rather than material induced.

In order to maintain generality we shall derive effective interfac~al

conditions for two media which are separated by a thin, rough-surfaced layer of

different material. We shall, however, restrict our model to the case in which

both surfaces of the layer have the same roughness characteristics. Specifically,

we assumu that Co surfaces of the layer are separated by a distance 2h (i.e., the

ettective layer thickness) and have indentical one-dimensional periodicity which

are in-phase, as shown in figure 1. This latter requirement is motivated by the

desire to obtain as a special case results for two rough half-spaces in full

contact.

The utility of our analysis will be tested by direct comparisons with

existing theoretical and experimental results. As will be seen, our model readily

predicts the scattering directions, and the conditions that favor the creation

of anomalies and mode conversions. The prediction of the actual partitioning of

scattered energy will require the development of solutions to the field equations in

both major media subject to the derived effective continuity conditions. These

solutions will be treated in subsequent investigations, however.
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2. Formulation of the Problem

Consider a thin elastic, periodically rough surfaced layer of effective

' thickns-ss 2h :ightly bonded to two elastic half-spaces of different materials

as shown in figure 1. A coordinate system is chosen with the origin located

at the center line of the layer. Thus, the lover effectively extends from

-h 
< 

z < h with media I and 2 extend from z - -h to z = -o and z - h to z

respectively. We shall assume tnar the roughness is one-dimensional and

. is described by the periodic function g(x) - g(x-) such that the mean value of

g(x). namely <g(x)>, is zero. We restrict our analysis to the two-dimensional

case where Hi' incident and reflected waves are irviependnnt of -y. Alternatively,

all particle mutions are confined to the x-z plane.

In order to study the wave motion in such system, we must solve the

0 appropriate field equations in each of the *three media incorporating the

appropriate continuity conditions. These include the momentum and constitutive

relation equations

3o ;
" + x - u0

--CL + a - a 
(2)

(Ao - + U ) a  
+\ (3)

XoE a< CL ;x a 3Z

dw au
* a~ 2(X ± )- +~ -~ (4)

ra a aL 4z a 3x
au ,w

•-a -,. ""). (5)
xza 3Z

Here a - 1, 0, 2 designate medium I, the layer and medium 2, respectively, axe' 5 a,

4and are the str;s components, 1 and w.I are the displacement components,

.4 p is thi mass density, and k and it are th, Lami 'lastic constants of material i.

j The associated interfacial boundary conditions are then given by
AO I "uw w, v .4 9 ,) ,U 0  W1  .wO 1 1 Vx zl . 'xo + xzo z

a"- +xz " a i V + a 'i (6a)
XZ. X l z xzo x zo z', on z- -h + g(x)

178

% .



2' O xo x zo Z x2 'x "xz' z

:1z ' + =0O VJ C XZ "x + CZ 2 9)Z on z - h + g(x) (6b)

where , and v aro the components of the normal to the surface g(x) along x and z

directions. respectively.

In principle, solutions to Fq3. (1) - 5,subject to the continuit-. CO.-diticns

(6a) and (6b), could be formally obcained. The results would be quite complicated

algebraically, howe,:er. Furthermore, the detailed analysis of the wave motion

in the laiyer would greatly complicate the problem. An attempt to obtaia the exact

solution to this problem could, therefore, obscure important features of the

solution for a thin layer. However, since we are mainly interested in the case

of a thin layer with small roughness (thickness and roughness amplitude small

compared to the incident wavelenth), we can proceed in a much less cumbersome

•way by including the effects of both the rougbnes3 and layer as nonzero homogeneous

terms in the boundary conditions. To this end, we shall develop modified boundary

conditions, referring to the reformulated problem as the "reduced model." This

' can be done as folliw3: first we develop modified conditions !or the smooth thin

, layer and second we develop modified conditions for rough interfaces without

~layers avid finalt-.i we combine both results to obtain the overall effective

interface conditions.
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S3. The Reduced Model

3.a The Smooth Thin Laver4. In Ref. 7 we derived effective stress continuity relations in the forms of

jumps in the values of normal ind shear stresses at iluid-solid-layer-solid

n' inrcrfac,. In what follows we shall derive similar relations for all three

solid media. To this end we particularize Eqs. (1) - (5) for a smooth layer by

%-.. sotttng a 0 0. The stress continuity conditions in (6a) and (6b), therefore,

.4.* %,*become

S-o a at z--h (Sa)

zo 0z2' 0xzo 0 axz2 at z = h (8b)

Since we assume that 2h is finite but small, variations in the displacements u0

and w across the thickness of the layer can be neglected. If accordingly
°°.-

0" ib wo lu°
-- and -- are neglected and Eqs. (1) - (5) with a - 0, are integrated for a - 0
Dz -5

across the thickness of the layer according to

% -. : - ,- f dz (9)

-h
. one obtains

OU

ZhC(A + 2 P xzo(-h) -a (h) (10)
0o 0 a 2 00 xzo xzo

Using the continuity relations (8a,b) Es."(iO) and (11) may be recast into forms
- au

t t9

0~0

2ht(,\o + 2u) -2 - PUo xzl(-h)- axz2(h) (12)

" 2w
* 2htu v o0 . - 00  .0 aZ (-h)- a z2(h) (13)

r6 ._ Equations (12) and (13) are significant since they are the only relations

that reflect the effect of the layer via the modified longitudinal and shear

4.

-'Atm  180

0-02N



strs boundar cnditions. In a ence of the th.. reducm

to 0)- x(0. l (0J) a (0), which are the classical stress

c~tz..v relations. With these apprcximatun the disolace."ent contnut

conditicns in 7qs. (6.i,b) reduce to

U0 . u 1 onz-0 (14)

In Ii.:ch of (14), to firter or_4er an'orox~imation in h, Fqs. (12) an-I (12) can b

recast into the approximate forms

2 2

3 w 0

".'". o 'o(0 " "2 (), Oz 0) = l2 (0), -hc are (0) (15)cl rs

2h~u 0() 0)(16)0o a 2  0 0 ~Z1 zO0 2()

-For the caseofa fluid-solid interface a (0) - 0 and equations (15) and (16)

nreduce to thos-. reported in Ref. 7.

3.b Rough Surface Modified Continuity Relations

In the absence of the layer (i.e., for h 0) a single rough interface g(x)

will exist between media 1 and 2. Furthermore, the stress continuity conditions

(6ab) reduce to the single relation
a a ' a 0,v +0 a

xl 'X+ xzl1 a x4  x xz2 .z

a1- 2h 1 0 -a +a v, on z -0 (17)

as opposed to the corresponding flat surface stress continuity relations

a*1: 2 '0 Xzl COz2' (18)

where the superscript is added to desgate the flat surface stresses as

..K illustrated in figure 2. From this figure we identify the normal v(x)

to the surface at the location x as

v - sin 1 + cos 8 k (19a)

with

2g' - tan B (19b)* dx

Thus due to the one-dimensional nature of roughnessvo 0.

' .'... 18
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L:' At this stage we insure the smallness of the roughness by requiring that lg(x)l

be small coapared with incident wave length, and also thuc g' be small for a

periodic surface this implies that the period of rouphness is larae compared

with its depth). Accordingly we conclude that 3 is very small and hence (19)

implies that

- a"v . l,v <<c. (20)

Thus, using (19b), equations (17a,b) reduce, when retainizig the first order of

approximation vxl to

U. "d - xzl -xz 2' ,,(x2- xl(o a)g' (21a)

C'(a - a ) - (a -a )s (21b)Zl z2 xz2 xzl

which can also be combined to yield the extra relation
Cal ... % - z2) t.(axz - 0x1)8 (22)

,2

With reference to figure 2 we can expand a (±,j " x,z) In power series
4.j

about 7 Jo which, for the lowest order of approximation in g, yields

ij- j a. 1z (23)

. %
If (23) is substituted into (21a) and (22) and the relation (18) is used

we get, up to the first order of approximation in powers of g and z',

-a-(_-, a) g, + ( (24)
xzl xz2 xl - 2) x- (xzx. xz2 x )g

"a a ° -(a 2z (25)
Z1 z02 ; ( 2)3

WEquations (24) and (25) constitute the modified interfacial stress conditions

%. which hold across the rough surface between two media 1 and 2; they clearly

display Jumps in the values of the interfacial stresses. One can easily see that

when g - g' - 0 they correctly reduce to the stress continuity condition required

for flat interfaces.

-. 8
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3. c Combined Effective Conditions

Fiaall!, for the case of combined thin layer with small rough surfaces,

we may combine equations (24) and (25) with equations (15) and (16) and

finally obtain the effective stress continuity relations

32u alu
2h" o + 2u) - 2) - .) - (

ax 2 0at2 x

(26)
+ z a

q ;2Wo 32w

2hu 0 a Cal - O2) -C 0z ( o_)g (27)0-, ax 2 0 at21z2 a 1 z2

* Notice that the appropriate stress boundary conditions for the cases of flat

.r.: interface without a layer; a flat surface with a layer; and a rough surface

-*" without a layer can be obtained by setting h -.0, g 0 0; g a 0; and h * 0.

respectively.

-..-.

%

183

*5



.4ajc-ions and Comparisotis with Available Experimental Data

Equations (26) and (27) are significant since they constitute the only

*relations that reflect the influence of the thin laver and surface roughness.

* Examination of these eauations idicate that both the layer and roughness

give rise to dispersive effects in the propagating waves which would not

..t% exist in their 2bsen-,i. Furthermore, we see that terms which are multiplied

by g and g' constitute induced (due to roughness) interface sources which

propagate as body and surface waves on the media. There waves produce

anomalies which, as will be seen later, propagate at discrete angles (the

scattering directions). Thus, complete characterization of the approximate

influence of interfacial layer and roughness, for a particular situation, can

be obtained by solving the appropriate field equations subject to the

continuity relations (26) and (27). It should be noted, however, that many

of the anomalies attributed to roughness such as the scattering directions

and the energy minima in the frequency spectrum of the scattered waves can be

deduced by examining equations (26) and (27) in conjunctions with existing

classical soluticns for smooth surfaces. In what follows we shall concentrate

on these effects while leaving the development of complete.solutions to specific

problems for subsequent investigations.

The dispersive effects due to the presence of a smooth layer on the propa-

gation of surface waves along a liquid-solid interface was compared with experi-

mental data in Re.. 7 . Unfortunately, because of the paucity of experimental

data on the combined influence of a thin, rough-surfaced layer. our following

discussion will be limited to the influence of roughness where limited

experimental data exist. For our comparisons we choose some representative

data from the works of jungman et al12 and Chuang and Johnson. Chuang and

Johnson presented both experimental and theoretical diffraction efficiencies for

a periodic rough water/acrylic interface. Longitudinal waves were incident from
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the watrr -it varium; angh.,:;. For future reference their zeroth order mode

c : .mti: : ver.UL1; iu-;h' of incidinci is -lepicted in fi ure 3. Tn their

investaations they choose an acrylic sample with symmetric sa ,tooth profile

havin7 a period, A -5 mm, with a heigh!t of .52 a. They performed experi-

ments at the frequency 500 kH , and their calculations assumed a longitudinal

wave seAod in -vter of 1493 m/s nnd longitudinal and shear speeds in the

acrylic of 2660 and 1390 m/s, respectively. Jungman et al reported experiments

on the reflection of normally incident waves from a variety of interfaces.

For our purposes we depict their data for the reflection from a stainless

steel-vacuum interface which is shown in figure 4 . The stainless steel

sample had a period of A - 1500 U, the height of 500 p and longitudinal and

shear speeds of 5790 and 3100 m/s, respectively.

lit order to compare our analysis with these data, we must also utilize

the corresponding reflection coefficients from smooth liquid-solid and solid-

vacrum interfaces. These are readily available in the literature as2

22 2 2 2 1/ (2 _ 12 4 2 2 2 /2,
, (2 - k 2 ) (F I - _ k2) ik 21 / E(r kP/(r-k)

R Z 22 /2 2 l/2 2 21
(2r, - 2 1 +i k 2 i l C(&Ikn1 k;)

(28a)
where p - Pf/P (28b)

and&2 2,2 2 2 2 1/2 2 2 1/2
I (2 k 2) 4 2 ( -k 1) (C -k2)

sv 22 22 2 2 2)1/2 2 2,1/2 (29)
-(2& k) + - 2 )

where r is the propagation wave number, kI and k2 are the longitudinal and

shear wave numbers for the solid and kf is the wave number for the fluid. The

wave number j is related to the appropriate wave number k of the medium from

which the wave is incident by

= k sin 6 (30)
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where is the an~li! of incidence and k - for the incident wave from the

'"flu~id ,s rquired by (23) and k -k I for the incident wave from the solid as

""reciiired by (29). As a remi-nder. 'I enters the solutions (28) and (29) from the

~assumed form of solutions to the field equations

-1) 1 (:C'Z)  - ' (z ., x . (31)

[. where p, stands for any of the stresses or displacements.

! To this end setting h - 0, equations (26) and (27) reduce to

'j (a 0 - ao02)9 ,  2-(o - a°02)X. (32)

xzZ xz2 (xi X "az'xz1 Z

S .. , l % )  (z

(a - a ) L a o z2 0)g (33)

Snce any periodic function with period A can be expanded in a Fourier series,

~g(x) may be represented by

,,g(x) , i g n e iy x  (34)

where
* 2 (35)

and A

n f g()-ynx d . (36)

if we substitute (34) into (32) and (33) we get

-o -( 0 -()a' _.(i a i ' nX - a) a g eg n x  (3)

xz. xz2 x - x2) as xzl (axz ,,)'

( a ey -nx (38)
zl z2 az 2

In light of (31), the relations (37) and (38) suggest,. that, once the

admissible wave number of w t oh surface is knod, the inclusion of the
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peri.-dic rouzhn, - : oul require eff.!ccve wave nunber in the for-.

n" + yn _=k sin 6i + yn(3)

5v uti-izinz: the various relations : - k sin * k = -/:\, \ = c/, we c.n re¢rizt

(39.0 in the alternate forms

S. .n sin 3 + .1M (39b)

nk
sin a - sin 31 A A (39c)

sin 6 - sin 0 +-- (39d)Sn i Af

where k, A, c and f are the incident, wave-number, wave-length, speed and

frequency respectively. The alternate forms (39a-d) are known as the grating

formula for the propagation of incident body waves on the rough interface. Thus,

there exist as many discrete wave numbers as the number of harmonic components

of the surface. Each of these wave numbers give rise to a scattered body wave

(mode). These modes will propagate at the discrete angles e . It is obvious,

however, that the number of the possible propagating body modes is restricted by

_* the ,ondition Isin nI < I1. The results (39) are in full agreement with the

theoretical and experimental predictions reported on figure 6 of Ref. 13.

The condition Isin 9 1 - 1, (en = 90*) defines the cutoff modes which are

scattered in the fluid along th- interface. The cutoff modes seem to create

. a surface anomalies which propagate with the fluids wave speed regardless of the

specific properties of the solids substrate. With reference to equation (39d)

trajectory of the optimnum conditions for this mode to occur is depicted in the

form of variations of ei with Af/n in figure 5. Predictions of this figure agree

well with the experimental results reported in Refs. 12 and 14. Specifically, for

the combinations c - 1.49 xlO5 cm/sec, A - .0178 cm, n - 1 and f = 6 MM used in

Ref. 14, figure 4 shows that the cutoff mode anomaly occurs at the angle of incidence

23.3* which is compardble to the experimental result of 22.50 reported in ref. 14.

Moreover, for i" 0 under which Jungman et al conducted their experirents, the
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cutoff anmalies can occur according to figure 4 only at Af/n 1. 49 x 10 cm/sac.

Thus, for n = 1 and " - .02 cm, this yields the frequency f - 7.45 14 which

.bac'c be compared with the value 7.7 UM at which the firsL anomai,: occurs for
Z

the w;ater-brass interface as depicted in figure 7 of PRef. 12. Similarly, for

n = 1 and A - .15 cm one ebtains f - I MH which should be compared with thea

experimentail value of 1.1 Mn where the first anomaly occurs for water-steel

interfaces as depictad in figure S of ref. 12. Notice that these frequencies

are independent of the substrates properties. The remainiu anomalies displayed

on figures 7, 8 and 10 of ref. 12 are excited by the creation of interfacial

sources; which prnpagate as body waves in the media as will be discussed below.

As was pointed out earlier the roughness induced inLerfacial sources can

also excite waves that propagate along the interface. The conditions for these

excitations can be deduced from the vanishing of the demoninator of the appropriate

reflection coefficient. This amounts to obtaining the zeros of the surface wave

characteristic equation. Since according to (39a) each harmonic components of

the periodic surface has its own wave number &n' tl.e nth component will excite a

surface wave when 'r (or c n) coincides with the wave numbers Cs (or cs) required

to excite th,: s'rfa:ce wave on the smooth surface. Here c and c are the wave
n s

th
speeds of the n compone:t and the surface wave on the smooth surface.

,:2.cililzic to 7 ,S 1ustituting 2sf/c and k = 2,sf/. in (39a)

a s 5

we gnt the sur'lice wave grating formula

4I% .- w_ _ s i n ,0 + n - -
( 4 0 )c (40)

.
P The value of c can be easily calculated for any smooth surface. In particular,

for the two specific cases of water-acrylic (c - 1.493 xlO5 cm/sec) and stainless

4 steel-air (c - 5.79 x10 5 cm/sec) interfaces they are calculated as 1.045 x10 5 and

2.99 x105 cm/sec, respectively. Accordingly, specializing (40) to these two

"C. specific cases we get

5S 1.43 sin A 1.93 x1O n (1a)

.4:
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for th,' water- crvlic and stoel-air case, rnspectively. Notiz.U that, as long as

the l2ft hand side of the relation (aO) is lar;er than unity, no zero order (n - 0)

propagating body wave will be able to excite surface modes; this is because

the condition Isin e i < 1 will be violated. Under these circumstances this means

that bodi waves will not exclta waves alcong smooth interfaces as it happened to be

the case of the two specific examples under consideration. In fact, for liquid-

solid interfaces incident bod7 waves from the liquid will not generate surface

waves in the solid as long as the incident wave speed 13 higher than the shear

wave speed in the solid. Furthermore, for solid-air interfaces body waves

incident from the solid will not generate surface waves along its free smooth

surface. For periodically rough interfaces, on the other hand, incident bod/

wave- can excite surface waves since the conditions (41a,b) can be easily

satisfied for various modes. To this end in figure 6 we depict surface wave

excitation trajectories (for various modes) in the plane consisting of angle

of incidence vs frequency for the water-acrylic. In figure 7 we similarly

naep.: the trajectories for the stainless steel-air interface.

The appropriate values of A used in the calculations were given earlier in this

section. Any point on these trajectories correspond to an excited surface wave anomaly

In particular the point located at 560 and .5 MH z on the first evanescent mode

(n - 1) of figure 6 agrees with the only existing experimental and theoretical

predictions nf' fig. 7 of Ref. 13 . Similarly for 6. 0 O, figure 7 predicts the

frequency locations of the two excited surface wave anomalies by the first two

evanescent modes (n - 1,2) as was reported experimentally by Jungman et al.
12

Finally, the mode conversions observed by Jungman !t al for normal incident

waves on the periodic interface can be explained using the present model as

follows: For normal incident waves from a solid onto its free smooth boundary

the reflection coefficient will be unity. This can also be seen by setting

18
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1 0 (or zquivalant y . * 0) in L-uatin (3i)). rar :Priodic surfaces. hcwaver,

setti:; 9. = 0 in the relation (39a) yields
-f.

(2)

which if replaces g in (30) yields the reflection coefficient for the nth mode as

(2 22 2(2 2)1/2 2  2)1/ 2
(2 ) k 4 (f -_t) (C-I.nn'n k1 n (43)

R n ,2 2,2 ( .2 _ k 2 ) 1
/2(f

2  2 1/2 (43)

n21 KZ n 'n k a"

Since for the smooth surface the normal incident reflection coefficient is

unity, inspection of (43) suggests tha: R will change its sign from I to -1 when

~k 2
n 2 (44)

Substituting from (44) into (42) and using the relation k2 - 2rf/c 2, where c2 is

3 the shear wave speed in the solid, one gets

2 nc,b =  A (45)

For the first evanescent mode (n - 1), using the steel shear wave speed

c2  3.10 xlO5 cm and A = .15 (see Ref. 12), Eq. (45) yields the frequency

f - 2.93 %fi which should be compared with the experimentally predicted value
z

P of 2.8 MKH in Ref. 12.
z

Sq.
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Multiphase backing materials for piezoelectric broadband
transducers

Y. Bar-Cohen,' D. A. Stubba, and W. C. Hoppe
SYMenS Rejearch Laboratoreie Inc.. 28W Indian Ripple Road. D8on, Ohio 45440-3696

(Received 8 June 1983; accepted for publication 29 January 1984)

A multiphase, high-impedance damper to be used as a backing material for broadband
piezoelectric transducers is described. The use of three or more phases, including a high-
impedance alloy matrix, allows dampers to be made reproducibly which have acoustical
impedances in the range of 20-45 X 10' g/(cmz.s). A simple model based upon the elastic
properties of the constituents is described which was developed to predict the impedance of

multiphase mixtures. This model was experimentally verified for two- and three-phase mixture&
Using this model a combination of tungsten, copper, and an indium-lead alloy was chosen as an
optimum transducer backing. A backing made from these constituents was pressed onto a 10-
MHz, PZT-5A blank, and the results of the pulse-echo response are presented.

PACS numbers: 43.88.Ar, 43.85.Bh, 43.88.Fx

II 4TODUCT)4 phase combinations which serve a potential backing materi-

The most effective method of generating and receiving ab.3 In this recent work, the effect of using three phases or
ultrasonic waves is through the use of piezoelectric crystals. more upon the reduction of the curve steepness is examined.
An electrical impulse applied to such crystals excites a rela- The use of a high-impedance matrix which eliminates the
tively long duration acoustic pulse due to the relatively high need for a high-volume fraction of Mien has also been inves-
Q of the crystals. For NDE applications such as depth reso- tigated and will be discussed.
lution and defect characterization, a need exists for acoustic
pulses of very short duration. To reduce the pulse duration, a 1. ANALYTICAL ASPECTS
backing material having an impedance closely matched to The acoustic impedance ofa composite backing materi-
that of the crystal should be used.' For practical purposes, al consisting of a matrix and a micro-size particulate can be
i.e., for obtaining a transducer of small size, the backing ma- described using analytical expressions which were devel-
terial must have a very high attenuation to eliminate back oped for mechanical elastic theories.'' This approach is fea-
reflections. As a common practice, two-phase mixtures con- sible when the particle size is much smaller than the acoustic
sisting of a matrix and a powder filler are used.' The matrix wavelength, namely, kaC 1, where k = wavenumber and
generally has a high absorption coefficient, and the filler in- a = average particle radius. The analytical expressions for
duces strong scattering; this combination provides the re- the impedance of a multiphase mixture are being treated in
quired high attenuation. The proper selection of materials
and volume fractions allows matching of the backing materi-
al and crystal impedances. 1

Tungsten/epoxy is the most widely used backing" - for 100

commercial transducers due to its potential in providing a 90
wide range of impedane values z between 3× xlos and so

100 X 10' g/(cm2 .s) and its sufficiently high attenuation. The 0

characteristic curve of impedance versus volume fraction 0 I
(Fig. 1) shows a very slow increase in impedance for increas- 0 60

ing volume fraction oftungsten up to about 0.8, above which T so
a sharp increase occurs. Matching the impedances of crys- CIL
tab such as PZT and LiNbO,, having a specific acoustic 40

impedancez, ofabout 30-35 X 10' g/(cm2 .s), requires a high- 30

volume fraction of tungsten which is subject to physical 20

packing limits. Moreover, the steep slope in this range makes
reproducibility of backing impedance difficult to obtain.
These problem are largely due to the low impedance of the 0
epoxy mtrix. These obstacles are common to most two- 0 .1 .2 .3 .4 .5 .6 .7 .8 . .

Vo I.m Fr34. 1 a., -
FIG. I. Characteristic carves ofimpedance [ X 10P u/(cm'4)l versus volume.
fraction of tuptea/epoxy. Upper ad lower impedance bouni an dawn

SPresntly wM McDonmIl Do0 Corp. at Dougles Aircraft Company, as solid liw Zhperimental data from ts research ad the repou litsa-
Dept. CI-E.9, 355 Lakewood Blvd., Long Beach, CA 906. ture are plated (where +: peet resemah, 0: (Rot 7), and x: (Ref.6).

16n J. AcOUs. Sm. Am. 75 (5), May 1964 I9
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this paper as an extension of the expression for a mixture tungsten. Above this volume fraction, the data seem to be
having two phases. somewhat above the lower bound; however, the lower bound

The specific acoustic impedance z of an isotropic homo- gives a more accurate prediction than the upper bound.
geneous material is defined as The simplicity of using the lower bound forz combined

Z =Pwith the fact that it approximately fits the existing data sug-z pc,
o gest its use as a simple model to predict the impedance of

where p density and c - acoustic bulk velocity which is other particulate composites. A further test of this model
expresed55 awas made using stainless steel 303L powder with a particle

E=( (I -v) 1/2 size less than 150,m and a matrix of methynethacrylate.
S'i(i C 1 + I, - 2 v) The data and model predictions are shown in Fig. 2. The

deviation of the model and data above 0.7 volume fraction of
where E = Young's modulus and v = Poisson's ratio. stainless steel is due to packing limitations causing porosity.

The effective acoustic impedanc.- of a composite con- This porosity is not accounted for in the predetermined vol-
sisting of two different phases is determined by multiplying une fractions.
the effective density by the effective acoustic velocity. The In order to obtain composite backings with impedances
effective density obeys the rule of mixtures, matching PZT or LiNbO3 using the lower-bound model, it is

P =A P1 +f2 P2, (2) necessary to have a tungsten/epoxy mixture with a volume

wheref is the volume fraction, p is the density, and the in- fraction of tungsten > 0.75. Since the maximum theoretical

dices 1 and 2 indicate the respective constitutents. packing density of single-size spherical particles is 0.74, it is

The effective velocity is determined by the effective val- necessary to use different size particles to obtain the desired
. ues for the elastic modulus E and Poisson's ratio, v. No rig- volume fraction. Further, becuse of the high slope of the

orous solution which is dependent upon particle size, shape, impedance curve in this range, reproducibility of impedance

distribution, and individual elastic parameters is feasible for becomes a problem. This also makes fine adjustments of the
a general particulate composite. Due to this limitation, it is impedance difficult.
common practice to determine the upper and lower bounds In an attempt to eliminate the problems due to the steep
for the required elastic properties. The upper bound givenn slope and high-volume-fraction filler, the authors used the

Eq. (3) has been determined by Paul! who applied the princi- model to evaluate the impedance of various mixtures. These
pie of minimum potential energy to a two-phase composite problems were partially overcome using a high-impedance
mixture. matrix. However, evaluation of two-phase theoretical resultsmixtur. I- practical types of fillers showed that the use of a high-

E1- + 2m(m - 2v Ef, impedance matrix was not sufficient. A study of the use of
-I - v, -2 ,more than one type of filler showed a significant reduction in

I - v 2 + 2m(m - 2v,) the slope of the characteristic impedance curves. Moreover,
+ I -v2 - 2v12 Ef2, (3) it provided a greater degree of freedom in the design of prop-

er matching and attenuation for backing material.
S where A generalization of Eqs. (1), (2), (4), and (5), which are

v,(I + v2XI - 2v 2)fE + v2(l + vX l - 2vV 2E2  expressions for two-phase mixtures, has been made for mul-

"(I + vXI - 2v2fE, + (1 + v, Xl - 2v, 2E2

(3a)
In the special case where v, = V2 = m, the upper bound 45

on the elastic modulus [see Eq. (3)] follows the rule of mix- 40
*tures. The lower bound, which was determined by Paul us-

ing the principle of least work, isg iven by 35

E>(f/E, +fA/E) - . (4) 0 30

The bounds for Poisson's ratio are determined by the bounds 025

on the elastic and shear moduli. The bounds for the shear a
* modulusu of the composite were derived by Paul using the 20

methods stated above. These methods yield expressions for - 15
the effective u which have the same form as those for the

.- effective E. The expression for Poisson's ratio is determined 10

using the bounding values of E and p, as follows: 5

v = E/21u - . (5) 0

* The upper and lower bounds for the acoustic impedance of a .1 .2 .3 .4 . F5 .7 .8 .9 1.0

tungsten/epoxy composite are shown as the solid lines in vc~ ljm , c 4 -

ig 1. A collection of data from the literature and this re- FIG. 2. Theoreticl lower-bound impedance curve and experimental data
search is also plotted. The data follow closely the lower phoed for a two-phase mixture ofstainles steel 303L and MMA [imped-

bound of the impedance curve up to 0.6 volume fraction of ance unts are x 10 J/km ')l.
Inc J. Acoust. Soo. Am., Vol. 76, No. 5. May 1 64 Ser.Chetn W :ekttn malma for broada transducers 1630
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tiphase mixtures as shown in Eq. (6). The resulting expres-
sion for the impedance is given in Eq. (7).
E= ,j p , p p,, (6) * -, I

A where .

ftt..
' 

" "-'"--

z>Ep (7) 4(E% /2p( - E. ri
* ~~~~30 _________

and N = the number of constituents. The applicability of
this modified expression for multiphase mixtures has been 2 -

%J1 tested experimentally. 10't

11.EXPERIMENTAL0 .1 .2 .3.4 .5 .6.7.6.9 1. 0
"" II. EXPERIMENTAL " " " " " " " " " .

--. .. Test samples consisting of various types of fillers wereT sp csi o auy ofew FIG. 4. Theoretical curves for a three-phase mixture of tungsten, copper,
made to evaluate the model for three-phase composites. For and lnPb 50-50 solder. Solid horizontal lines represent selected volume
each sample powders with particle sizes of less than 150 im fractions of the matrix lnPb. Dashed curve shows impedance of two-phase

4'' were mixed in a V-shaped rotary mixer and then poured into mixture of W/lnPb. Set of vertical solid fines shows range of tungsten that
* a i.905-cm-i.d. mold. The powder mixture was heated to canbeusedtoobtainimpedancesbetween30and35x 1Og/(cm"s)fortwo-

phase mixture of W/lnPb. Set of vertical dashed lines shows applicable120 0C under a pressure of 2.76x i0? Pa (4 kpsi) and under range of tungsten using three-phase mixture with 0.4 volume fraction of
, vacuum to allow outgassing of the air from the mixture. At InPb matrix.

120 "C the pressure was increased to 2.76 X 10' Pa (40 kpsi),
and the mixture was then heated to 165 *C. The mold was air
cooled under pressure, and the composite could be easily IlI RESULTS AND DISCUSSION
ejected. All samples obtained using this technique were test-
ed visually and found to be a cohesive solid with evenly dis- Given the theoretical analysis, various combinations of
tributed consitutuents. matrix and fillers have been evaluated using a computer pro-

-.-I The impedance of each sample was determined by mea- gram based on Eq. (6). To select candidate materials for mul-
suring its density and longitudinal sound velocity. The ex- tiphase mixtures, the authors used Sec. IV-acoustic veloc-
perimental setup consisted of a Panametrics 5052 PR pulse/ ity data of Ref. 10 as a guide. To obtain characteristic curves
receiver, a water tank, and a 2.25-MHz broadband trans- enabling the prediction of the impedance of mixtures, fam-
ducer. The measurements of the sound velocity were con- ilies of curves were drawn with continuous changes of the
ducted in a pulse-echo mode and the measurement of at- volume fraction of the two phases, while the third (or higher
tenuation in a through-transmission mode. The time number) constituents were varied in a discrete fashion. Each

. -: difference between the echoes from the front and back sur- curve should be interpreted individually, where the volume
faces was measured using a Tektronix oscilloscope and a fraction (3) of one phase is constant and its value is marked

model 7D 11 digital delay. The resultant velocity measure- to the right of the curve, as can be seen in Figs. 3 and 4, for
ments had a typical relative error of 5%. example. Th- effect of varying!f, i.e., (1 -f 3 -f2) on the

characteristic impedance can be read along the abscissa up to
the maximum volume fraction of (I -f,).

20

18

MMA TABLE 1. Reproducibility of impedance of a three-phase mixture (0.70
in4 toM MMA, and varying volume fractions of A[ and InPb.

14-
12%. 1Coeffiiet

1 Volume fraction Z,, ± 0' Z._ ± 0 of variation
10 - 5 ,of nPb [xlOg/(cm2.s)] l i03g/(,cm1s)] (/Z.,)

- . 3.45 ±0.15
6 76 MMA 0.00 3.60±0.16 3.57±0.13 0.04

4 3.65 ±0.16

2 3.82 ±0.14
0.10 4.02 0.15 4.04 ±0.27 0.070 "P, 4.27 ±0.17

. . .3 .4 .5.8.7. 0

Volw•ma F-=cti±n 3.59 ±0.10
0.20 4.54 0.15 4.26±0.76 0.18

FIG. 3. Theoretical curves (see Eq. (611 and corresponding experimental 4.64 0.16

data for three-phase mixtures of Al/lnPb 50-50 solder/MMA. The three 4.83 ± 0.15
solid lines represent 0. 1. 0.3. and 0.7 volume fractions of the matrix MMA, 0.30 4.93 ± 0.15 5.01 ± 0.31 0.06

* and the x axis represents the volume fraction of inPb For slope compari- 5.23 0.13
$A Ron, the two-phase impedance curve is plotted in dashed lines.

1631 J. Acoust. Soc. Am., Vol. 75, No. 5, May 1984 Bar-Co eot at: BackWnV materials fr broadand transducers 1631
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FIG. 5. (a) Pulse-echo response of a PZT-
-i' 5A 10-MHz piezoelectric crystal backed

with three-phase mixture of W/Cu/InPb.
Time base scale is SO0 ns/div; vertical scale
is 200 mV/div. (bJ Frequency response of,
transducer in (a). Vertical scale in amplitude
in arbitrary units; x axis represents frequen-
cy in mephertz.
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To verify the theory, a three-phase combination has occur.4 A low melting point solder alloy InPb 50-50 was
been made consisting of methylmethacrylate (MMA) as a found to meet the requirements for a suitable matrix. This
matrix (melting point of about 149 "C; and two fillers---sol- alloy has a z equal to 20X 10' g/cm2 -s), a melting point of

" der alloy lnPb 50-50 particles (less than 44tum in diam) and about 190 "C, and is available in particulate form of less than
aluminum particles (less than 440um in diam). Experimental 44 pm in diam. The dashed line in Fig. 4 is a graph of imped-
results for 0.1,0.3, and 0.7 volume fractions of MMA show a ance versus volume fraction for a mixture of tungsten and
reasonable agreement with theoretical predictions, as can be this solder. As expected, there is a considerable increase in
seen in Fig. 3. The set of three curves in Fig. 3 demonstrates the overall impedance compared to tungsten/epoxy (see Fig.

the much lower slope of the data, as compared to the two- 1).

_ .phase case of MMA/InPb 50-50 (dashed line). To determine Copper, which has an intermediate impedance of
the reproducibility, three samples of each volume fraction of 42 X 10' g/(cm2.s), was chosen as the third constituent and
solder, consisting of 0.7 MMA, were prepared. The test re- produced the set of solid lines shown in Fig. 4. Each curve
sualts are compared in Table I and show a 8.8% average coef- has a lower slope than the corresponding two-phase curve in

ficient of variation, the given impedance range. For any volume fraction of ma-
Once the feasibility of reducing the steepness of the trix, the addition of the third phase lowers the impedance

curve was demonstrated, efforts were dedicated to obtaining slightly, but the ability to "fine tune" the impedance is great-
a high-impedance mixture in the range 30 X los <z< 35X I0 liy enhanced. When using a tungten/solder mixture, the de-

g/(cm 2.s). A study of the acoustic properties of various poly- sired impedance range of 30 x 105<z<35 X 10 g/(cm 2.s) is
neSt revealed that none had an impedance greater than covered by varying the volume fraction of tungsten in the
3.75 X0' g/(cm.s). Although metals such as Sn, Pb, or Cu rang 0.42-0.55. However, for the three-phase mixture us-

II ~ might be used as a matrix, pac, ng and cohesion problems in&, for example, a solder matrix volume fraction of 0.4, this
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impedance range is covered by varying the volume fraction elimination of the major problems encountered with two-
of tungsten from 0. 19-0.49 which is more than twice the phase mixtures, specifically low reproducibility and low im-
range of that of the two-phase mixture. pedance. A backing material consisting of a mixture of W/

The attenuation values ofthe mixtures consisting of W/ InPb 50-50/Cu formed directly onto a PZT-5A, 10-MHz
Cu/lnPb 50-50, having an impedance in the range crystal produced a broadband signal with a significantly low
30X 105<z<35X 105 g/(cm.s), were in the range of 10-20 Q.
dB/cm, compared to the value of 25 dB/cm which can be
obtained with epoxy/tungsten. However, it is probable that ACKNOWLEDGMENTS
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